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Abstract
A gas sensor is a functional device to warn us of dangerous gases in our environment. Its
reliable and effective functions protect our property or lives from unexpected accidents or
harm. So, it can be said that human safety is closely related to features of the gas sensors,
that is, sensitivity and selectivity. To improve the properties of gas sensors, this thesis has
attempted to apply nanotechnology to their fabrication. Commercially available metal
oxides or rarely investigated types of metal oxides were chosen to investigate possible
enhancements from the size-related and structural effects.
Tin(IV) oxide was investigated, although it is a conventional material in the gas sensor field.
It was synthesized in the form of nanotubular structures using the template filling method.
The results confirmed that the nanotube is a good nanostructure to enhance the sensing
properties and was superior to nanoparticles.
One-dimensional nanostructured Indium oxide (In2O3) and Gallium oxide (Ga2O3) were
prepared by carbothermal chemical vapor deposition (CVD). They were successfully
synthesized according to the Vapor-Liquid (VL) or Vapor-Liquid-Solid (VLS) theories.
Their perfect crystallinity enabled an investigation into the crystallographic effects from
exposed planes. So, comprehensive analysis using high-resolution transmission electron
microscopy (HRTEM) was carried out. However, due to having very few active sites and
thick nanowires diameters, In2O3 only exhibited moderate sensing properties, and Ga2O3
did not respond to any target gases. For the study of crystallographic effects, it is necessary
to scale down the lateral thickness to less than twice the thickness of the depletion layer.

Hematite (α-Fe2O3) was studied in various porous nanostructures for gas sensors: (1)
porous nanorods and branched nanostructures, (2) porous nanowires, and (3) porous
nanospheres. These nanostructures were synthesized via the hydrothermal growth route by
changing experimental parameters such as source materials, temperature, reaction time, etc.
This investigation was an attempt to engineer gas sensors by changing architectures in
consideration of the geometric aspect. Sensitivities obtained at 1000 ppm of any chosen gas
are similar, but for the range down to 200 ppm, the morphology has an influence on the gas
sensing properties. The insight from the results is that there may be potential for
improvement of gas sensing properties such as sensitivity and selectivity by various
synthetic techniques.
Nanoribbons of Cupric oxide (CuO), a p-type semiconducting metal oxide, were
investigated for gas sensors. CuO has barely been studied for gas sensors due to its lower
sensitivity compared to n-type semiconducting metal oxides. However, CuO nanoribbons 2
– 8 nm in thickness showed remarkably high sensitivities compared to their counterparts.
Moreover, functionalizing them by loading with Au or Pt proved its effectiveness in
enhancment of the gas sensing performance.
Cobalt oxide (Co3O4, p-type semiconductor) hollow nanospheres were synthesized by a
surfactant-assisted solvothermal method. Co3O4 is widely used as a functional material due
to its high catalytic reactivity, which may be effective in gas sensing performance,
especially towards organic solvents and fuels. Co3O4 hollow nanospheres with a diameter
of 200-300 nm showed that they can achieve good sensing performance in detecting
toluene, acetone, etc.
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1. Introduction
1.1 General background
The gas sensor has become indispensable to our human society. As human life becomes
more convenient, we are more exposed to environmental threats. In 1960, liquid petroleum
(LP) gas was widely used for domestic purposes, but at the same time, many gas explosion
accidents occurred because of gas leaks. Gas sensors that were able to detect LP gas
dramatically reduced the accident rate. In the 1970s many cars were allowed to run on the
roads without any control of emission gases, causing air pollution, so legislation was
enacted in the US to cut down on the air pollutants in the exhaust gas. Now, the gas sensors
are easily found in our daily lives: fire alarms installed in the house; gas emission
controllers in the car; breath analyzers for drunken drivers; etc. In the industrial area, many
kinds of chemicals are used on the production line, so gas sensors are demanded for the
safety of the workers and for the prevention of the accidents and machinery failures caused
by exposure to inflammable, toxic, or corrosive chemicals. They are also currently being
used for food quality control.
The major development of the gas sensors has been directed towards three types: (1) The
potentiometric gas sensor monitors distinct activities of two regions, which are separated by
a solid electrolyte that allows ions to pass through, but not electrons. It is most widely used
in automobile exhaust systems as an oxygen sensor. (2) The calorimetric gas sensor is also
known as the pellistor, which monitors resistance changes resulting from combustion. This
sensor is used in a mixed atmosphere with an inflammable gas. (3) The chemiresistive gas
sensor also uses resistance to a gas. A sensing material which has a high surface-to-volume
1

ratio and is connected to two metal electrodes is placed on an insulating substrate. It
measures resistance changes at elevated temperature.
Among these three, the first two types of gas sensors, the potentiometric and the
calorimetric sensors, are more specific in detecting oxygen and inflammable gases,
respectively. However, the chemiresistive gas sensor that we have chosen as the main topic
in this thesis was devised due to the demands of Japanese society for freedom from the
risks of explosion accidents that had arisen from domestic use of fuel gas. The Taguchi
sensor using a semiconducting metal oxide, SnO2, was a solution that reduced the accident
rate dramatically. On the other hand, it suffered from an inherent lack of selectivity. So,
after the Taguchi gas sensor, a range of more specifically reacting materials have been
widely investigated in the research area as well as the commercial sector. The research on
metal oxide gas sensors has aimed at improvement of sensitivity and selectivity.
The gas sensor is categorized in Surface Chemistry, because the gas detection through
reactions with gas molecules is carried out at the surface, and the reactivity and the kinetics
are closely related to the surface-to-volume ratio. So, the determination of the sensor
properties is affected strongly by the size of surface features. There are also effects due to
the particular crystallographic planes.
One attempt for better sensitivity has been made through nanoparticles. The surface areas
expand exponentially as the size goes down. As the particle size is reduced to smaller than
a certain dimension, the sensitivity increases beyond the boundary effects (Schottky
barriers). However, the high reactivity of nanomaterials may leave the inner part of the
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sensing layer unused, because the reactivity exceeds the diffusivity of gas molecules in the
shallow region.
In thin film technology, more sophisticated approaches were taken. One is to control the
microstructure of the thin film. When a film is deposited or coated onto a substrate, the
proper choice of the process and the parameters optimizes the thickness, grain size, and
porosity to empower it with sensitivity in sensing and greater accessibility inside the
structure. This can enhance the sensitivity and selectivity of gas sensors, because the
activity of gas molecules of different reactivity and diffusivity will be clearly evident. The
other approach is to control the crystal structure, orienting the crystal facets that are
exposed to the air mixed with the required gas. According to the Periodic Bond Chain
(PBS) theory (see Section 2.7.1.1), kinked facets have much higher reactivity toward gas
molecules than flat facets and stepped facets. So, if a thin film is grown or textured on a
substrate in specific directions and a more effective plane is participating in detection of a
gas, the thin film gas sensor will be tuned for better sensing properties. However, there are
several difficulties in obtaining the expected benefits from thin film technology. Such fine
structure requires complicated processes with precise control of synthetic parameters:
proper substrate, precursor, deposition or decomposition temperature, deposition rate, gas
concentration in the deposition or heat treatment chamber, etc. Even if all parameters are
optimized, there are other effects: the grain growth direction depends on the film thickness.
As it thickens, variation in the growth direction occurs, so it is difficult to obtain designated
planes. Post treatment may also cause unexpected grain growth. Determining the texture of
grains in thin film requires costly processes.
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Based on the technologies briefly described above, there is strong potential to derive real
benefits from semiconducting metal oxides: simple devices, low cost, and rugged means for
monitoring. However, several drawbacks are preventing the widespread use of advanced
performance gas sensors. Thus, recent technological research on preparing gas sensors has
been directed towards nanostructured materials, especially one-dimensional (1D) structures.
Such nanostructured materials are known to have larger surface areas than micron-scale or
bulk materials because of very small size combined with high aspect ratio. Thus, the
chemical reactivity is enormously strengthened. The stems of such 1D structures can be
considered as exposed planes, that need a costly synthetic process, for the case of the thin
film technology. Therefore, gas sensors based on 1D structures may be a key to open the
way to low cost, but high performing gas sensors
1. 2 Objectives and scope of research
The objectives of this research include:
•

synthesize nanostructured metal oxides by three different synthesis methods:
template filling using anodic aluminium oxide (AAO); spontaneous growth methods
via chemical vapor deposition (CVD); and hydrothermal reactions;

•

control the morphology by synthetic parameter changes;

•

characterize as-synthesized nanostructured materials;

•

test gas sensing properties in responding to several kinds of inflammable, toxic, and
corrosive gas vapors using a commercial gas sensing facility;

•

study the effects of morphology on gas sensing properties;

•

study the effects of noble metals on gas sensing properties.
4

The literature review is in Chapter 2, which contains the fundamental knowledge required
for understanding gas sensors. It includes a brief history of metal oxide gas sensors and
their classification, essential features, and evaluation methods, as well as summaries of the
most important properties of various metal oxide gas sensors. There are also accounts of the
growth mechanisms according to the synthesis methodologies used for nanostructured
metal oxides. In Chapter 3, there are full descriptions of the methodologies used in this
research: the details of the experimental procedures and the characterizations, and detailed
explanations of the analysis of the microstructures and the gas sensing properties.
The following investigations on several kinds of nanostructured metal oxides were
conducted to accomplish the proposed objectives. The experimental results are placed in
Chapters 4 − 11. A summary of each chapter is given below.
Chapter 4 contains the research results on SnO2, which has been intensively investigated
and developed for several decades. Although it is a conventional material in the gas sensor
field, by studying nanostructured SnO2, fundamental knowledge on gas sensing properties
can be added. SnO2 was synthesized in the form of nanotubular structures using the
template filling method. The morphology and crystal structure of the SnO2 nanotubes were
characterized by field emission scanning electron microscope (FE-SEM) and transmission
electron microscope (TEM). SnO2 nanotube sensors exhibited high sensitivity towards
ethanol gas.
Chapters 5 and 6 present one-dimensional nanostructured In2O3 and Ga2O3, respectively.
They are attractive as building blocks for functional nanodevices due to their potential
applications in diverse areas. The metal oxides In2O3 and Ga2O3 were synthesized by the
5

chemical vapor deposition (CVD) method, which was modified in the vaporization process.
We employed carbothermal reduction to lower the vaporization temperature from 1400oC
to 900oC. The characterization was carried out using FE-SEM, high resolution TEM
(HRTEM), and photoluminescence spectroscopy (PL). Measurements of gas sensing
properties of nanostructured In2O3 towards ethanol and ammonia gases were conducted.
Chapters 7, 8, and 9 are focused on the synthesis of various structures of α-Fe2O3, alpha
hematite. It is a semiconducting metal oxide gas sensor that features non-toxicity, low cost,
high resistance to corrosion, and environmental compatibility. In the form of porous
nanostructures, it is expected to improve on desirable gas sensing performance, as well as
having magnetic properties. These advantages would be derived from its high surface area
and anisotropic growth. Nanoporous structured α-Fe2O3 was synthesized by the
hydrothermal synthesis method. In Chapter 7, flute-like porous α-Fe2O3 nanorods and
branched nanostructures were synthesized via dehydration and recrystallization of
hydrothermally synthesized β-FeOOH precursor. In Chapter 8, nanowires were synthesized
by a facile and efficient synthesis technique, which can be scaled up for large quantities by
using nitrilotriacetic acid (NTA) as a chelating agent to form polymeric chains, followed by
heat treatment. In Chapter 9, monodisperse α-Fe2O3 porous nanospheres with uniform
shape and size have been synthesized via a facile template-free route. Three morphologies
of α-Fe2O3 were characterized by X-ray diffraction (XRD), SEM, TEM, HRTEM, and
Raman spectroscopy. The magnetic properties and the gas sensing properties were
measured.
Chapter 10 presents CuO nanoribbons, a p-type semiconducting metal oxide, which has
been intensively investigated for various potential applications. Many types of
6

nanostructured CuO have also been synthesized. However, CuO has barely been studied for
gas sensors due to its lower sensitivity compared to n-type semiconducting metal oxides. In
this work, single crystalline copper oxide nanoribbons were synthesized via a surfactantassisted hydrothermal route. The resulting CuO nanoribbons contained substantial amounts
of nanorings and nanoloops. HRTEM analysis was undertaken to identify the growth
direction. CuO nanoribbons were tested for their gas sensing performance towards organic
gases at low operating temperature. The effectiveness of functionalizing the gas sensing
performance of CuO nanoribbons was also examined by loading a small amount of Au or
Pt nanoparticles on the surface.
Chapter 11 presents the results on Co3O4 hollow nanospheres. Co3O4 is widely used as a
functional material in Li-ion rechargeable batteries, catalysts, oxidation agents, etc. due to
its high catalytic reactivity. This property can improve the gas sensing performance,
especially towards organic solvents and fuels. Co3O4 hollow nanospheres were synthesized
by a surfactant-assisted solvothermal method. The products were characterized by XRD,
TEM, HRTEM, Raman spectroscopy, and ultraviolet-visible (UV-vis) spectroscopy. The
gas-sensing performance of the as-prepared Co3O4 hollow nanospheres was investigated
towards a series of typical organic solvents and fuels.
Chapter 12 contains a general conclusion and comments relating to further work.

7

2. Literature survey
2.1 History of gas sensor development
The first gas sensor was commercialized in 1923. It was comprised of hot platinum wire
working at several hundred degrees, utilizing the catalyst to detect combustible gases in an
atmosphere. The operating process is simply to measure the resistance change resulting
from the temperature rise on gas sensing. The signal output was only few millivolts at 1000
ppm of isobutene. An improved catalytic combustion sensor using a catalyst such as
palladium was introduced in the form of a bead. This kind of gas sensor was being used in
quite limited fields and operated by professional experts.
In the 1960s, widespread demand for better gas sensors was aroused in Japan owing to gas
bottle explosion accidents involving liquefied petroleum (LP) gas. LP gas was popular for
domestic use in heating and cooking. Thus, there was a requirement for research into low
cost, sensitive gas sensors. In 1962, the first report on a semiconductor gas sensor was
published by Seiyama et al. in Japan [1]. They utilized the semiconductor catalysis
mechanism, that is, the measurement of resistance change in a metallic oxide (zinc oxide)
upon gas adsorption. This finding led to the research and development of the gas sensor by
various groups. Among these, Taguchi invented a gas sensor using stannic oxide and
patented it in the same year. He succeeded in commercializing his sensor in 1969 and
advanced the sensitivity further by adding a noble metal and optimizing the sintering
process [2]. This invention and the research on inflammable or toxic gases contributed to
the decrease in disastrous gas accidents, as well as triggering investigations into gas sensors
as safety devices.
8

After that, the best known type is the oxygen sensor, which is currently being used for car
emission control. It was developed based on an electrochemical cell using stabilized
zirconia electrolyte to measure the standard free energy of formation of metal oxides or the
activity of oxygen in molten metals. It was shown that an electrochemical cell generated
EMF depending on the oxygen partial pressure at high temperature [3].

From this

discovery, it was observed that a device that was constructed by placing a Pt electrode on
the zirconia surface could work for oxygen sensing. The importance of this cell was
recognized after Muskie Act (USA) was legislated (for decreasing air pollutants from car
emissions) in 1970.
The humidity sensor of Matsusita Electric Industrial Co. stimulated the market by
commercializing an electronic oven with a ceramic humidity sensor for automated cooking
[4]. This sensor measured a change in humidity at elevated temperature. That sensor was
made of porous composites of metal oxides.
As briefly explained above, before the invention of new gas sensors, such devices were far
removed from non-professional users. After the invention of the semiconductor gas sensor,
the targets of the investigation were closely related to daily life. It was also expected that
the future generation of gas sensors would aim at health, energy, the environment, foods,
agriculture, etc.
After the 1980s the gas sensor technologies had formed mature markets based on the gas
sensors for inflammable or toxic gases, oxygen, and humidity. The production of gas
sensors did not gain any big figures, but established its own market stake (about 20 million

9

pieces of semiconductors, about 30 million sets of zirconia oxygen sensors), and the
technology advanced by replacing the old sensors with new competitive ones.
2.2 Gas sensor types
The gas sensor can be defined as a tool that converts chemical energy into an electrical
signal, because the operation in detecting a gas mainly involves two functions: a receptor
function and a transducer function. The output signal is manifested in the form of resistance
changes, EMF, acoustic frequency modulation, or optical signal changes. On the basis of
reception and transducer principles, many sorts of gas sensors were invented and developed
to detect many different gases.
Chemiresistive gas sensor: is usually made of semiconducting materials, and the sensing
involves changes in the density of charge carriers. In other words, it measures changes in
the conductivity of a semiconductor when it interacts with the gas to be analyzed. The most
widely preferred semiconducting materials are metal oxides such as SnO2, WO3, TiO2, etc.,
and they are sensitive to CO2, H2S, NH3, O3, NOx, and carbon hydroxides. Normally this
type of gas sensor is made on an insulating substrate with connections to conductive wires
(Au, Pt). The element is integrated into the circuit. Briefly, the energy level rises or falls,
playing an important role in detecting gases when O2 adsorbed on the sensor element reacts
with the target gas.
Chemical field-effect transistor: is deployed to take advantage the properties of
semiconductors in the form of a metal oxide semiconductor field effect transistor
(MOSFET), which detects a change of threshold voltage on the gate electrode.
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Potentiometric gas sensor: is based on the discovery of Nernst that the materials with high
ionic conductivity, while remaining electronically insulating, are useful for the production
of an electrochemical cell. Such a material is a solid electrolyte. The signal is measured as
the potential difference (voltage) between the working electrode and the reference electrode.
The working electrode’s potential depends on the concentration of the analyte in the gas
phase. The most developed and best known ion conductor in history and industry is
stabilized zirconia. Its oxygen ion conductivity has been enhanced by doping the material
with cations (i.e., Ca2+, Y3+, Yb3+, etc.). The dominant use is in automotive exhaust
systems due to its excellent performance in controlling the emission of air polluting gases
in automotive exhaust.
Calorimetric gas sensor: is referred to as the ‘pellistor’. The concentration of combustible
gas is measured by detecting the temperature rise resulting from the oxidation process on a
catalytic element. Usually the heating and temperature measurement functions are
combined. Once, it was made of bare Pt wires operating at 800−1000oC, while more recent
developments have reduced the operating temperature and achieved satisfactory
combustion as a result of a fine distribution of catalysts and extensive open porosity. The
response is expressed on a volume percent basis and can be the measure for the low
explosion limit (LEL) of inflammable gases. So, this is mainly suitable for methane, carbon
monoxide, and hydrogen detection.
Acoustic gas sensor: consists of one set of interdigitating parts printed on the substrate and
a second set for detection, along with a coating (membrane) that incorporates the gas to be
sensed. Any change in the physical properties of the membrane on a quartz or piezoelectric
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substrate, produced by gas ad- or absorption, gives rise to changes in the characteristics of
the surface acoustic waves (SAW) and, in particular, in their phase velocities. The acoustic
gas sensor detects them with a high accuracy. This operating principle makes it possible to
fabricate different types of sensors for SAW detection. From the point of view of SAW
propagation, a suitable choice is required for the membrane materials and the deposition of
an uniform thin film that adhere to the substrate to bring about a stable propagation over a
long time.
The membrane is called the chemical sensitive material (CIM), which shows remarkable
sensitivity to gas species. Such membranes can be prepared in the form of thin films by
sputtering for oxides and metals; thermal evaporation for metals and ionic conductors; and
Langmuir-Blodgett deposition or spin coating for polymers or organic substances.
Optical gas sensor: is a kind of wave-guide sensor using optical fibers, which is normally
found in the field of physical sensors. This is different from the other types of sensors
introduced above, as it does not use electrical or electrochemical information. One type of
optical sensor senses a change in Surface Plasmon Resonance (SPR) signals, which is
proportional to the refractive index close to the sensor surface. Therefore, the sensor detects
the amount of bound gas molecules. The other is the optode type, which can measure
changes of optical properties based on absorbance, reflectance, luminescence, light
polarization, Raman scattering, etc.
Market demands
Current demands in the industrial and domestic use of gas sensors are mainly categorized
into three divisions. First, oxygen monitoring is required to maintain a breathable
12

atmosphere and for the control of combustion processes, such as in boilers and internal
combustion engines. Secondly, it is necessary to determine the concentration of
inflammable gases with low LELs for the prevention of unwanted explosions. Third, toxic
gases in the air that may cause significant damage to the human body or the environment
are monitored with respect to the exposure limit level, which may be in the range of less
than 1 ppm to several hundred ppm.
2.3 Semiconducting metal oxide gas sensors
The semiconducting metal oxide gas sensor is a chemiresistive type gas sensor. It is
normally constructed from a semiconducting material on a heated insulating substrate and
connected by metal wires. The sensing signals are obtained in the form of resistance
changes. This gas sensor has a wide range of gas detection capability that covers the market
demands for detecting oxygen, inflammable gases, and toxic gases. However, since the
invention of SnO2 gas sensors until the present time, the semiconducting metal oxide type
suffers from lack of selectivity. However, the potential advantages, such as the low cost,
reliable performance that metal oxide presents, make it the fastest growing type of material
for gas sensors.
2.3.1 Gas sensor fundamental aspects
A new emerging market target for gas sensors is to detect such inflammable, toxic, or
odorous gases at rather low concentration levels, so sensors with advantageous features for
this in sensitivity, stability, robustness, and so on are demanded. To improve the gas sensor
performance the working principles should be clarified on the fundamental aspects of the
sensors. As a matter of fact, the gas sensing mechanism is not so simple. For example, in
13

the case of inflammable gas detection, such gases are gradually consumed by burning on
the surface of the sensor materials. Thus, when the gas sensor detects inflammable gases,
one should consider the kinetic factors of the reaction and the gas molecule diffusion into
the element. The reactions for detection involve mainly the interaction between the gas
molecules and the surface of the materials, and the diffusivity. A schematic diagram of how
the gas sensor functions is presented in Fig. 2.1. The whole process of sensing is classified
into 3 parts (receptor function, transducer function, and utility). The first two aspects
(reception and transduction) are governed by different factors, so that it is possible to
modify or improve each function separately.

a) Surface

b) Microstructure

(Receptor)

(Transducer function)

c) Element
(Output resistance change)

Figure 2.1 Schematic diagrams of receptor and transducer functions of the semiconducting
gas sensor [5]. D: particle size, X: neck size, L: thickness of space charge layer.
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2.3.1.1 Receptor function
The reception function is related to the interaction of gas molecules with the surface of the
sensor material. The sensor allows the oxygen in air to be adsorbed on the surface, and then
oxygen becomes charged negatively. A surface charge layer becomes depleted of electrons
with the increasing work function of the grains. When the sensor exposed to the target gas
(i.e. a reducing gas), the negatively charged oxygen on the surface is released and reaches a
steady state level, resulting in a decrease in the work function.
This function can be modified by doping with a foreign receptor. A stronger receptor, such
as PdO on SnO2, brings about a greater magnitude of decrease in the work function, and
thus an increase in sensitivity (Fig. 2.2)

Depletion layer

Figure 2.2 Schematic diagrams showing the reception function of an SnO2 grain
without/with a foreign receptor, PdO.
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2.3.1.2 Transducer function
The transducer function takes place in the conversion of the change in the work function of
the grains into a change in electrical resistance. Firstly, an account for the change in
resistance needs to be given in terms of a single crystal of SnO2, and the concept of
reception function part needs to be explained in detail. The band structure of SnO2, by
adsorption of oxygen on the surface, by which the periodicity of crystal is broken,
experiences new energy levels caused by unsaturated sites or dangling bonds (which can
play a role as a donor or acceptor). The adsorbed oxygen molecules pick up electrons
transferred from the SnO2 surface, following Equation 2.1.

β
2

O 2 (g ) + αe − ⇔ O β−α (S )

(2.1)

where α is 1 or 2, depending on the oxygen reduction state, and β may have values of 1 for
a single atom/ion and 2 for a molecule. S is the site on the SnO2 surface.
The interaction of the surface with oxygen results in the formation of a space charge layer
and generates an electric field at the surface. In turn, it causes a bending of the energy band
(for the negative surface charge, upward bending). In other word, it is this trapping process
that results in the electron depletion zone, which leads to an increase in electrical resistance.
After the depletion zone is formatted, the surface is exposed to a reducing gas, i.e. CO, and
the following oxidation takes place.

β CO( g ) + Oβ−α → β CO2 ( g ) + αe −
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(2.2)

By this reaction, trapped electrons are released and are injected into the conduction band,
resulting in a decrease in the electrical resistance.

High resistance

Low resistance

Figure 2.3 Schematic diagrams of charge carrier concentration change of n-type
semiconductor, SnO2. On the left: depletion layer formed in the surface in air, with the
energy band bent up (high potential barrier); on the right: the reaction of O2 with a
reducing gas reduces the potential barrier [6].
The explanation above can account for a change in the electrical resistance when, as
previously assumed, the sensing body is a single crystal. In practice, the materials prepared
for gas sensors are polycrystalline or nanocrystalline. In addition, the participating sites
where oxygen can be adsorbed are only about 2% of the SnO2 surface area for single crystal,
and the real electrical resistance changes far more than that caused by in-crystal conduction
variation [6].
What is really happening on the surface is that when the reducing gas is oxidized in the
reaction with oxygen adsorbed on the surface, the oxygen is removed and then replenished
from the atmosphere, so that the sensor becomes ready for the next reaction. Therefore, the
reaction during oxygen removal and re-adsorption is dependent on the reaction rate and
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equilibrium state. This also can explain the phenomena of the different sensitivity towards
different gas concentrations and species, because the surface replenishment is dependent on
the partial pressure of the reducing gas, and reacting gases have different oxidation rates.
Thus, these reactions are correlated with the chemical process and diffusion, which are
governed by the temperature. This aspect constitutes a drawback of semiconductor gas
sensors and needs further investigation.
2.3.1.3 Grain size effect
The huge change in electrical resistance can be explained by assuming the formation of
double Schottky barriers for transport of electrons through grain boundaries. The depletion
layer thickness is expressed by following equation:

Ls = LD

eVs
kT

2

(2.3)

where k is the Boltzmann constant, T is the temperature, Vs is the Schottky potential, and LD
is the Debye length. The Schottky barrier (potential), Vs, and LD are given by

Vs =

LD =

2πq 2 N s2
εN d

(2.4)

εkT
2πe 2 N d

(2.5)

where ε is the dielectric constant, Nd is the concentration of the donor impurity, q is the
surface state charge, and Ns is the concentration of the surface charge states.
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Typical values of the depletion layer thickness (Ls) are in the range of 1-100 nm. Its
dependency on crystalline size (diameter, D) has been observed empirically [7]. The gas
sensitivity of sintered SnO2 changed with a change in D. For D > 20 nm the sensitivity
barely changed along with the grain size; for D < 20 nm it increased with decreasing grain
size; for D < 10 nm, the increase was huge. Some studies revealed that D has a critical
value (Dc), 6 nm for SnO2, and corresponds to twice the thickness (Ls) of the surface charge
layer [8, 9].

Figure 2.4 Grain size effect on resistance and sensor response of SnO2 to H2 [9].
For D >> 2Ls: a small portion of the volume of grains has surface interactions with the
analyte gas. The effect on the sensor conductivity is dominated by the grain boundary (GB)
barriers to intergrain charge transport from one grain to another. The electrical resistance of
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a sample with large grains is controlled by Schottky barriers and changes with them
exponentially (Fig. 2.5(a)).
For D ≥ 2Ls: in this case, the grain is somewhat larger or similar in size to the thickness of
the depletion layer. The unaffected volume (core region) becomes smaller. When D is
approaching 2Ls, but still larger, the depletion region in each neck of each aggregate makes
the conduction channel constricted (Fig. 2.6(a)). Consequently, changes in the total
conduction are affected by the GB barriers and the cross-sectional area of constricted
channels. From these two factors, the gas sensitivity increases with decreasing grain
diameter.
For D < 2Ls : In this case, the conductivity decreases steeply because the crystallites are
almost depleted of mobile charge carriers throughout the entire grain and the conduction
channels between the grains have vanished (Fig. 2.6(b)). The energy bands are nearly flat,
since intercrystallite charge transfer is not interrupted by GB barriers and the GB barrier
effect is negligible (Fig. 2.5(b)). However, the sensing mechanism of particles in this range
is not clear.
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Figure 2.5 Schematic diagrams of the porous sensing layers and the energy band with
different grain size: (a) large grains, (b) small grains [10].
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Figure 2.6 Schematic diagrams of the conduction channel of porous structure and the
energy band in the grain boundary: (a) constricted conduction channel, (b) vanished
conduction channel [10].
2.3.1.4 Geometrical aspect
As explained above, the reception and transducer functions are concerned with the
interaction of the surface with the gas phase. As a matter of fact, the sensing element has a
relevant thickness, the depth from the surface to the bottom where the reaction occurs. So
the whole surface of the material does not undergo the same kinetic reaction with the target
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gas. This is caused by the competition between the reaction and the diffusion. For instance,
when the gas is consumed at outer sites during detection, if the reaction rate is higher than
the diffusion rate, the gas molecules can not reach the inner sites. As a result, gas is
detected only on the outer sites (shallow region), and the inner sites remain unused. So, it is
required to consider the geometry of grains and the distance from the surface to inner sites.
A few theoretical approaches have been undertaken for this. G. Sakai et al. [11]
investigated by assuming that the gas molecules move inside the film by Knudsen diffusion.
∂ 2C A
∂C A
− kC A
= DK
∂t
∂x 2

(2.6)

Here, CA is concentration of target gas, t time, DK Knudsen diffusion coefficient, x distance
(depth) from the surface of the sensing layer, and k the rate constant. Steady-state
concentration conditions (∂CA/∂t = 0) and boundary conditions (CA = CA, at x = 0 (surface)
and ∂C/∂t = 0 at X = L (bottom)) are applied to Eq. 2.6, and the following equation is
obtained:

C A = C A, s

cosh( L − x ) k / DK

(2.7)

cosh( L k / DK )

Fig. 2.7 was plotted against the depth, x, according to this equation with the condition of
fixed temperature and L=300nm thickness and normalized by CA,s, the concentration at the
surface. Different curves as a function of
figure, if

k / DK can be obtained. As one can see in the

k / DK is sufficiently low, on the order of 10-3 nm-1, the gas concentration CA

drops little. In practice, there is no concentration variation. However, as k / DK increases,
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the curves move down. When

k / DK is one order of magnitude higher in value, 10-2 nm-1,

CA drops gradually with the distance, x, and becomes less than 0.2 at the bottom.
Furthermore, at the highest value, CA can be taken in only a shallow region near the film
surface. This means the gas can only gain access to the surface region.

Figure 2.7 Simulated gas concentration profiles inside a sensing film (thickness 300 nm)
for various values of

k / DK at fixed temperature [11].

The calculations in the theoretical work of Sakai et al could be confirmed by uniform
porous SnO2 thin film. Though the experiment was carried out on thin film fabricated by
spin-coating of SnO2 sol suspension, followed by hydrothermal treatment, their discussion
has significance not only for thin films, but also thick films or sintered block-type sensors
because it is valid to explain the sensing behavior for other cases. The sensing body
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consists of the small particles or grains and the large pores between particles (secondary
particles). The pores allow the gases to diffuse in quickly so each particle encounters a
similar situation to that of the thin films.
2.3.1.5 Crystallographic plane effects
In the view of the crystallography, the discussion of crystallographic effects on the sensing
properties can not be simply explained but requires complicated concepts because it is
related not only to the size, but also to the crystal shape and microscopic structure. The
following summaries are simplified accounts for approaches to the effects of the
crystallographic plane.
•

The growth of grains is consistent with the size and the external shape of crystallites.
Even a crystal in the initial state of growth has micro-planes and facets.

•

External planes of nanocrystals determine the gas sensing properties when they
participate in the gas-solid interaction.

•

Every crystal has its own combination of crystallographic planes. This determines
the surface state density, energy position, adsorption/desorption energy, etc.

•

Adsorption/desorption processes are influenced by the shape and size of crystals

As mentioned concerning the grain size effect, the crystallographic planes have effects on
gas sensing properties predominantly in the case of D >> 2L.
For the case of SnO2 nanocrystals deposited by spray pyrolysis on Si substrate, the external
crystallographic planes depend on the grain size. As shown in Fig. 2.8, different sets of
crystallographic planes appear, depending on the growth direction. According to the PBS
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theory (the details of which will be given later in this chapter), the planes (110) and (101)
are F-faces, while the (111) plane is K-face. F-faces have strong bonds, so that the reaction
with arriving atoms is less active than on a K-face. Also, various crystallographic planes
have different distances between Sn atoms. The order is sequenced as d(110) < d(100) < d
(101) < d(001) [12]. So, a different distance between Sn atoms implies a change in the
energy required for the chemisorption of O2 and dissociation. Thus, control of the external
crystallographic planes may modify the gas sensing characteristics of SnO2 thin film.

Figure 2.8 Images from computational results on SnO2 thin film deposited by spray
pyrolysis on different grain sizes: (a) 40−80 nm, (b) ~300 nm [13].
2.4 Taguchi gas sensor
The most commonly used gas sensor worldwide was first devised by Taguchi, who held the
first patents on the stannic oxide gas sensors in 1962 [2]. He founded the company Figaro
Engineering Inc., which has produced a massive quantity of gas sensors. His research and
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development of gas sensors were triggered by the national demand in Japan for safety.
Liquefied Petroleum (LP) gas was the most popular fuel for cooking and was used in the
form of bottled gas or piped gas. There was a great proliferation in the bottled gas supply
around 1962, and, as a consequence, the gas explosion accident rate built up. Thus, this
became a serious social problem. Not only Japan, but also the United Kingdom had similar
problems.
2.4.1 Fabrication – Taguchi gas sensor
Many commercialized semiconductor gas sensors follow the preparation process and
assembly described by Figaro Engineering Inc. It defined the processes for the fabrication
of the gas sensing material, SnO2, because the preparation method for the powder strongly
affects sensor properties such as the degree of crystallinity; the crystal size; the density of
lattice defects; the crystal surface; and the surface structure. These factors determine the
sensor performance, so it is standardized in two ways as follows [14]:
i) Stannic oxide may be prepared by dissolving high purity tin in acid, followed by the
addition of an alkaline solution to precipitate tin hydroxide, which is finally calcinated to
yield the stannic oxide.
ii) 28% ammonia solution is added to 85% tin chloride solution. Tin hydroxide precipitates
are obtained, which are separated by decanting and drying at 200oC for 4 hours and then
calcinated in air in an electric furnace for 1 hour at 450oC to obtain the stannic oxide.
Stannic oxide of different characteristics (crystal sizes and surface areas) can be tailored by
process parameters such as the temperature and time of calcination. Noble metals may be
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added in the form of an aqueous solution, with drying at 200oC for 1 hour before
calcination. As-synthesized materials may be fully ground to powder in a vibrating ball mill.
2.4.2 Two typical gas sensor structures
Stannic oxide powders made through two processes are used for the fabrication of Taguchi
gas sensors, which are largely classified into two groups according to the heating types.
2.4.2.1 Direct heat type
For the purpose of mechanical strength, the stannic oxide powder is mixed with alpha
alumina (99.9%), which may help modify the conductivity and improve the sensitivity. The
paste is molded in a die with adding water and sintered at 700oC. The sintered stannic oxide
is mounted on two heater coils with a binder added and dried. The sensing element is
completed by self-heating using heater coils. An image of the direct heating structure is
shown in Fig. 2.9(a). After that, the sensor is fixed by welding to nickel pins on a plastic
base.
2.4.2.2 Indirect heat type
The indirect heating structure consists of a heating coil and a tiny alumina ceramic tube
(substrate), upon which two gold electrodes are paste-printed. The lead wires are connected
to the gold electrodes with the gold paste. The stannic oxide is pasted on alumina tube.
Expansion coefficients between stannic oxide and the alumina substrate are different, so
that cracking may happen when it is sintered. The element easily collapses when a
mechanical load is applied. To prevent the incidence of failure, commercially viable gas
sensors must use a binder. The requirement for a commercial gas sensor is more than 10 kg
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collapse strength. Figaro Inc. uses tetraethyl orthosilicate oligomer (oligomer, hereafter).
The oligomer decomposes at high temperature to form a bond of metallosiloxanemetallosiloxane. The binder used to enhance the mechanical strength (collapse strength) has
other effects on the gas sensors. It prevents unexpected crystal growth, improves the
sensitivity and reduces the time for response and recovery.
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Figure 2.9 Commercial gas sensors manufactured by Figaro Inc: (top) TGS-109, direct
heating type and (bottom) Figaro TGS-813, indirect heating type [14] .
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2.5 Gas sensor characteristics
2.5.1 Gas sensing properties
2.5.1.1 Sensitivity
The chemiresistive gas sensor experiences a change of resistance when it is exposed to the
target gas. As explained under ‘reception and transducer functions’, the interaction of the
sensor surface with the analyte gas produces variations in the electronic state There are two
types of semiconductor: in an n-type semiconductor, the charge carriers are electrons. The
concentration of the electrons becomes low in the air due to the O2 adsorption on the
surface resulting in the depletion layer. When subjected to an analyte gas, in particular, to a
reducing gas (CO), interaction of the adsorbed O2 with the reducing gas occurs and leads to
an increase in the density of carriers (electrons) because the electrons trapped by oxygen
are released to the material. In a p-type semiconductor, the charge carriers are holes.
Similarly adsorbed oxygen attracts electrons from the material but the removal of electrons
gives rise to a higher density of the carriers in the material. Hence, the resistance decreases
in the air. When exposed to the reducing gas, it experiences an increase in the resistance.
All the reactions go in the opposite way if the analyte gas is an oxidizing gas (Table 2.1).
Table 2.1 The response behaviors of semiconducting gas sensors.
type of material

Reducing gases

Oxidizing gases

n-type

Resistance falls

Resistance rises

p-type

Resistance rises

Resistance falls
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This resistance change induced by those interactions is considered as one of the most
important characteristics for the gas sensors. The signal reflects the effects of the gas
concentration and its diffusivity. Thus, at an equilibrium state in a gas sensor, the
sensitivity of the gas sensor is defined as the ratio of the resistance in the air to the
resistance after subjection to the analyte gas. The sensitivity, S, is expressed by:

S=

S=

Rair
for an n-type semiconductor
Rgas

Rgas
Rair

(2.8)

for a p-type semiconductor

(2.9)

A high value of S means high sensitivity. A percentage value is also used as

⎛ Rair − Rgas ⎞
⎟⎟ for an n-type semiconductor
S (% ) = 100 × ⎜⎜
⎝ Rair
⎠

(2.10)

2.5.1.2 Selectivity
A chemiresistive gas sensor exhibits characteristic sensitivity toward a designated gas.
Normally one gas sensor can detect several gases. More sensitivity is usually desired for a
particular one under similar operating conditions, if possible, exclusively, even when there
is coexistence of interfering gases. So, the selectivity is expressed by:
Sensitivity of the sensor for interfering gas
(2.11)

Selectivity =
Sensitivity towards the desired gas
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2.5.1.3 Long-term stability
Stability is an important criterion required for gas sensors. This is because gas sensors
should operate consistently under repeated conditions, experiencing response and recovery
by detecting a gas at various concentrations and sometimes in harsh environments. Stable
performance without showing a drift is another important measure to evaluate the
performance of gas sensors.
2.5.1.4 Response time/ Recovery time
Response time is defined as a time taken to reach 90% of the saturation value of resistance
when the sensor is exposed to the gas. A small value of time implies a good sensor.
Recovery time is defined as a time taken to drop back to 10% of the saturation value of
resistance when the sensor is placed in clean air. This value also has to be small for a good
sensor.
2.5.2 Measurement system
Based on the principle of the chemiresistive type of gas sensor, the measurement system is
schematically presented in Fig. 2.10. The sensing element is integrated into a simple circuit
that is composed of a voltmeter, resistor, bias potential, and separate heating system. This
system is classified as an indirect heating structure, as described by Figaro Inc.
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Figure 2.10 Schematic diagram of the equivalent circuit of indirect heating structure gas
sensor measurement system for chemiresistive gas sensors.
Vworking is the voltage source applied to the combination of a load resistor (Rreference) and the
sensor (Rsensor), which are connected in series. The output voltage (Voutput) is measured
across the load. Vheating is the heating voltage to control the temperature of the sensor
element. This is necessary because the sensing properties are dependent on the temperature.
In Fig. 2.10, A is a Pt wire attached to the sensor element. B indicates gold electrodes,
which act as collectors by contacting the sensor material. C is the substrate (alumina). D is
the heater (Ni-Cr coil). The relation of the output voltage to the voltages and resistors is
expressed as followed:

Voutput =

Vworking Rreference

(R

reference

(2.12)

+ Rsensor )

So, the sensor resistance (Rsensor) is obtained from Equation 2.12:
⎛V
⎞
Rsensor = Rreference ⎜ working − 1⎟
⎜V
⎟
⎝ output
⎠

(2.13)
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Here, Vworking and Rreference are known, so in order to determine Rsensor, only Voutput is to be
measured.
2.5.3 Measurement methods
2.5.3.1 Flow-through method
As shown in Fig. 2.11, the analyte gas flows continually into the chamber. The gas
concentration is controlled by the mass flow controller (MFC), which mixes the analyte gas
with a carrier gas. The signal output from the sensor is recorded as the response and
recovery curve on a PC computer, which controls the gas inlet switch, turning it on/off.
2.5.3.2 Static environment method
The sensor measures a known amount of gas which is injected into the known volume of
the chamber through a microsyringe. The measurement is carried out until the resistance
reaches the steady state. Likewise, the recovery is performed by opening the chamber and
exposing the sensor to air.
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(a)

(b)

Figure 2.11 Schematic diagrams of gas sensing systems: (a) flow-through method, (b)
static environmental method.
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2.6 Metal oxide gas sensors
2.6.1 Tin dioxides
Tin dioxide was the first commercial material for semiconducting gas sensors. It brought
innovations in safety and low production cost, but its well known disadvantage is the lack
of selectivity, which means that such sensors can detect many gases but cannot identify
which gas they detect. The basic approach to improve the sensitivity and selectivity is to
add a foreign element to the sensing materials. Table 2.2 is a summary of reports on
improvement in the deficiency of intelligence in SnO2 gas sensors, as well as the sensitivity.
Table 2.3 shows crystal engineering effects on sensing properties when the morphologies of
crystals vary.
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Table 2.2 Specifications of metal or metal oxide doped SnO2 gas sensors.

Sensing element

Target gas

Operating

Range of

temperature (oC)

detection

SnO2 - Pt

CO

150-300

SnO2 - Ag

LPG

290

SnO2 - Pd

Ethanol

200-400

0-5000 ppm

[17]

SnO2 - Os

Methane

250

700 ppm

[18]

SnO2 - Bi2O3

CO

250

5%

[19]

SnO2 - CeO2

H2 S

7-127

5-25 ppm

[20]

SnO2 - Fe

CO

200-500

0-1000 ppm

[21]

Ethanol
SnO2 - Au

CO
H2

[15]
[16]

0-600 ppm
550

NO2
SnO2 - In

400-1000 ppm

ref

0-250 ppm

[22]

0-45 ppm
50-250

500-3000 ppm

[23]

CO
Methanol
SnO2 - Ag

H2 S

110

0-2500 ppm

[24]

SnO2 - Ru

LPG

220-350

50-1200 ppm

[25]

SnO2 - CuO

H2 S

160-200

0.5-3 ppm

[26-29]

Table 2.3 Specification of one-dimensional SnO2 gas sensors.

Sensing element
Nanobelts

Nanoribbon

Target gas

Operating

Range of

temperature (oC)

detection

CO

350

3 0ppm

NO2

300

200 ppb

Ethanol

350

10 ppm

NO2

Room

0.5-3 ppm

temperature
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ref
[30, 31]

[32]

2.6.2 Other metal oxides
A summary of descriptions of a range of metal oxide gas sensors found in the literature is
tabulated in Table 2.4.
Table 2.4 Metal oxide developed as gas sensors and promoters (listed in alphabetical order).
Materials

Sensing gas

Descriptions

Aluminum

Humidity

Porous

oxide

CH4, NH3

anodization of aluminum thin films.

structure

made

by

Refs
electrochemical [3336]
o

(Al2O3)

Regeneration by heating above 100 C; sensor
saturated after long exposure to humidity.
Nanoporous alumina able to operate at room
temperature as ammonia sensor

Bismuth

Smoke

Sensitive to many gases.

oxide

sensor (CO,

Operated at high temperature (450oC). Doping with 39]

(Bi2O3)

CO2), H2,

Sb2O3

NO and O2

temperature to 200oC.

enables

the

[37reduction

of

operating

Additives such as Fe and Ag stabilize the structure,
and Cu induces high selectivity for NO.
Cadmium

Additive

No gas sensing properties for pure CdO

oxide

ethanol

By adding to ZnFe2O4, improves the selectivity in

(CdO)

[40]

detecting ethanol among a mixture of petrol, H2,
CO, LPG, and other hydrocarbon gases, as well as
stability, durability, and response behavior.

Ceria
(CeO2)

O2 , H2 S

Oxygen gas sensor due to the chemical stability and [20,
high diffusion coefficient of oxygen vacancies.

41,

By adding to TiO2 or SnO2 increases sensitivity to 42]
O2 and H2S, respectively.
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Table 2.4 (Continued)
NO2, O2
Chromium

Sensitive to NO2, O2 and humidity, doped by

[43-45]

oxide

H2, NH3 and TiO2.

(Cr2O3)

Humidity

Cobalt oxide

NH3, CO,

p-type semiconductor with energy band gap of [46-48]

(Co3O4)

CH4, C3H8,

1.4-1.8 eV induced by non-stoichiometrically

H2 and NO2

excessive oxygen.
Sensitive to many sorts of gases.
Thin film operates as NH3 gas sensor even at
room temperature.

Copper oxide

NO2, CO

p-type semiconductor.

(CuO)

and H2S

Used as an additive to n-type metal oxide to

[49-52]

give improvement or selectivity. For example,
CuO-doped SnO2 is highly sensitive to H2S.
Also used as a catalytic membrane for CO and
ethanol detection
Iron oxide

Organic

n-type semiconductor; α-Fe2O3 (hematite) has [53-56]

(Fe2O3)

gases,

complex defect structures such as oxygen

CO and

vacancies,

NO2

interstitials, which induce semiconducting

Fe3+

interstitials

and

Fe2+

properties.
Transition to p-type can occur by: the gas
concentration, dopants, and the operating
temperature
Many dopants enable Fe2O3 to be selective for
a particular gas:
•

ZnO (NH3) at room temperature,

•

Pt, Pd or RuO2 (acetone)

•

Au, Zn (CO and NO2)
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Table 2.4 (Continued)
O2, CO,
Gallium

Semiconductor with the energy band gap of 4.9 eV.

[57-

oxide

NO, NH3

Usual operating temperature is about 1000 oC. Due to 61]

(Ga2O3)

and CH4

the high operating temperature:
•

Low base line is established quickly without
drift

•

Not cross-sensitive with humidity

•

Stable even at a low partial pressure of
oxygen in atmosphere

•

Rapid response and recovery properties.

Doping with Ta2O5, WO3, NiO and SnO2 makes it
sensitive to NO, NH3, CO and CH4.
The operating conditions may be a disadvantage
regarding energy consumption.
Indium oxide

O3, NO2,

n-type semiconductor with energy band gap of [62-

(In2O3)

H2, H2S,

3.55−3.75 eV

69]

Cl2, NH3, Highly sensitive for detection of oxidizing gases, O3
ethanol,

and NO2, even at very low concentration.

acetone

Enhanced selectivity for NO2 by doping with MoO3
Can detect many toxic gases

Molybdenum

NH3 and

n-type semiconductor with energy band gap of 3.2 [70-

oxide

NOx

eV. The catalytic properties on oxidation of 73]

(MoO3)

hydrocarbons and conversion of NOx to nitrogen are
attracting investigation for gas sensing properties.
Ti coating over MoO3 can enhance the sensitivity for
NH3.
Limited use as a gas sensor owing to the
comparatively low melting temperature (795oC).
Restricted by high resistivity at room temperature
(1010Ωcm) for utilization as a gas sensor and
integration into a circuit.
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Table 2.4 (Continued)
NH3
Niobium

Attractive

dielectric

material

for

solid-type [74,

oxide

electrolytic capacitors due to its high dielectric 75]

(Nb2O5)

constant and durability.
As n-type semiconductor gas sensor, Nb2O5 can
detect NH3.

Nickel

NO2,

p-type semiconductor with energy band gap of 4.2 [76-

oxide

formaldeh

eV.

(NiO)

yde, H2,

chemical

stability,

CH4 and

properties

in

CO

electrochromic films, p-type transparent films and

Wide range of applications due to its good 79]
and

optical

and

supercapacitors,

electrical
catalysts,

fuel cell electrodes.
Li-doping enhances

the selectivity to H2

or

formaldehyde by promoting oxidation.
Titanium

CH3OH,

n-type semiconductor with high temperature stability [43,

oxide

C2H2OH,

and endurance in harsh environments. Thermal 80-

(TiO2)

C3H7OH,

expansion coefficient matched with alumina used as 90]

O2 , H2 ,

thin film gas sensor substrate.

NH3 and

By adding Cr, the electronic structure can be altered

NO2

to p-type which exhibits rapid response to oxidative
gases.

Tungsten

NH3, NO,

n-type semiconductor with good response to NH3 and [91-

oxide

H2S and

NO.

(WO3)

O3

Adsorbed O2 does not cover the surface as it does on

105]

SnO2 surface elements, so a catalyst or promoter are
required:
•

Elements such as Au, Mo, Mg, Re, etc.
achieve selectivity for toxic gases.

•

Doping with Cu or surface modification with
Au and Pt enhance sensitivity to NH3.
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Table 2.4 (Continued)
additive
Vanadium

As a catalyst in oxidation reactions, is used as a [106-

oxide

promoter for gas sensors by adding to such metal 108]

(V2O5)

oxides as TiO2, MoO3 and ZnO.

Zinc oxide

Highly

(ZnO)

applications in optical, electrical and piezoelectric 118]

attractive

metal

oxide

with

various [109-

areas.
The

first

metal

oxide

gas

sensing

material.

Tremendous research has been done and found many
sensing

capabilities

toward

trimethylamine,

hydrogen, oxygen, ethanol and NH3, with stability.
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2.7 Synthesis of nanostructured metal oxides for gas sensors
In short, a nanostructure is defined as a structure in which at least one dimension is less
than 100 nm. Nanostructures can be classified into three groups depending on how many
dimensions are on the nanoscale: only one dimension, 2D nanolayers; two dimensions, onedimensional

nanowires;

three

dimensions,

0D

nanoclusters.

Zero-dimensional

nanostructures include nanoparticles or quantum dots. Two-dimensional structures are
called thin films. One-dimensional structures have a variety of names according to their
distinguishing morphologies: nanorods, nanowires, nanoribbons, nanocombs, nanosprings,
and so on.
Among those structures, conventional gas sensors utilize thin films, synthesized by
methods such as the sol-gel method, spray pyrolysis, and chemical or physical vapor
deposition (CVD or PVD). Likewise, similar processes follow certain strategies which
enable them to form one-dimensional structures that can be used to produce unique
architectures. These may accomplish the aims of better sensitivity, selectivity, and stability.
The strategies for one-dimensional structure [119]:
•

Use of templates for directional growth.

•

Use of anisotropic crystal structure.

•

Introduction of solid-liquid interface to reduce the symmetry of the seed.

•

Capping agents to control the growth of various crystal facets.

•

Supersaturation control to modify the habit of the seed.

•

Size reduction of one-dimensional nanostructure.
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Here are some performance advantages of nanoscale materials for gas sensors:
•

boost the sensitivity (high chemical reactivity)

•

reduce device size (miniaturization)

•

lower power consumption

•

lower operation temperature

•

crystallographic effect grows to dominate

The morphology determining parameters in the formation of one-dimensional structures
such as nanowires or nanorods are:
•

Given materials (crystal structure)

•

Growth condition

•

Defects and impurities on the growth surface.

Three major types of growth mechanisms are reviewed in this section. First, Vapor-Solid
and Vapor-Liquid-Solid growth mechanisms, by which one-dimensional structure is
established spontaneously; next, template filling, which guides filling materials to shape
them in one direction; and last, hydrothermal reaction, which produces a variety of
morphologies by heterogeneous nucleation and growth at elevated temperature and more
than ambient pressure.
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2.7.1 Spontaneous growth mechanisms
2.7.1.1 Vapor-Solid (VS) growth
Different facets of the crystal have a different number of unsaturated bonds (different
surface energy). For the interpretation of crystal growth in anisotropic morphology,
different growth mechanisms have been suggested that explain varied growth rates of the
surface.
Periodic Bond Chain (PBC) theory [120], which is described in more detail below, suggests
that there are three types of surfaces in a crystal: flat surfaces; stepped surfaces; and kinked
surfaces.
Growth on a flat surface: Kossel, Stranski, and Volmer (KSV) theory [121] helps us
understand anisotropic growth on a flat surface from the viewpoint of step growth. On the
atomic scale, the surface of a crystal is not smooth, flat or continuous. This discontinuity
may result in crystal growth. As an example, the {100} surface of a simple cubic crystal,
which has six coordination numbers, adsorbs an atom when it diffuses to an energetically
favorable site. The atoms may be incorporated into the surface, resulting in crystal growth
or escape back to the vapor. For the case where the atom is being incorporated into the
crystal, it would be adsorbed on the surface randomly. Some atoms may be on energetically
unfavorable sites. Such an atom is called an adatom. If it diffuses to form more bonds and
become stable, it would move to such sites as noted below:
Terrace
(1 bond)

Æ

Ledge

Æ

(2 bonds)

Ledge kink
(3 bonds)
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Æ

Kink
(4 bonds)

All these are considered as growth sites. The incorporation of an atom adsorbed on the
surface results in the growth of the surface by means of the advancement of the steps (or
ledges). The growth rate depends on the step density under the given conditions.
A proposal of Burton, Cabrera, and Frank (BCF) led to BCF theory [122]: KSV theory is
limited in the regeneration of growth sites because energetically favorable sites will be
reduced by incorporating the atoms. BCF theory implies that crystal growth proceeds in a
spiral growth direction assuming that a screw dislocation parallel to the growth direction
causes the growth to continue and promotes the growth rate. The crystal surfaces (facets)
have different abilities to accommodate dislocations. This means that each surface may
grow at a different rate, which will result in anisotropic growth.
Growth on a stepped surface or kinked surface: PBC theory [120] defines the surfaces
of the crystal into three groups: flat surfaces; stepped surfaces; kinked surfaces. Each group
is named F-face, S-face, and K-face, respectively. Simple cubic, according to PBC theory,
is illustrated in Fig. 2.12. Unlike the other mechanisms detailed above, in this theory, {110}
and {111} are preferential growth surfaces. For {110}, atoms would incorporate at any
such sites as a step or ledge. For {111}, the surface with kinked sites can incorporate the
incoming atom when it is adsorbed. Thus, {110} and {111} faces have faster growth rates
than {100}.
Z.L. Wang et al. published in Science the growth of ZnO single crystal nanobelts by the
vapor-liquid (VL) growth mechanism [123]. They also prepared several kinds of novel
nanostructures of functional metal oxides by evaporation of commercial oxide powders in a
tube furnace [124]. Two years later X.Y. Kong and Z.L. Wang developed a synthetic
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technique by controlling the growth kinetics [125]. They produced left-handed helical
nanostructures and nanorings. The other attempt to form nanostructure via VL growth was
done by Liu et al. They succeeded in converting as-prepared SnO2 agglomerated
nanoparticles into nanorods [126].

Figure 2.12 Schematic illustration of the PBC theory on a cubic crystal [120].
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2.7.1.2 Vapor-Liquid-Solid (VLS) growth
More than 40 years ago, Vapor-Liquid-Solid (VLS) theory was proposed by Wagner et al.
[127, 128]. When they reported their experimental results on growing silicon whiskers, the
vapor-solid (VS) growth mechanisms could not explain their observations:
•

Non-existence of screw dislocations or other imperfections along the growth
direction

•

<111> direction was the slowest

•

Existence of impurities was always required

•

Liquid-like globule in the tip of nanowhiskers.

One noticeable point in Wagner’s observations is the involvement of impurities. In VS
growth mechanisms, the atom in vapor impinges on the surface of the crystal and then is
incorporated in an energetically favorable site. The Gibbs free energy is main driving force
to grow nanowires. However, in the VLS growth mechanism the impurities are used as the
nucleation seeds, which determines the interfacial energy, growth direction, and diameter of
the nanowires. The impurity is called a catalyst according to its role in the crystal growth.
VLS growth criteria (or requirements) [129]
•

Catalyst or impurity must form a liquid solution.

•

Very small equilibrium vapor pressure over the catalyst is demanded

•

Chemically inert

•

Wetting property of a catalyst deposited on substrate influences the diameter of
nanowires
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•

One of the constituents of compound nanowires must act as a catalyst

•

The orientation of unidirectional growth can be simply determined by the crystal
substrate (epitaxial growth)

Vapor-Liquid-Solid (VLS) process
A schematic diagram showing growth by the VLS process is presented in Fig. 2.13. A
catalyst was sputtered on the Si substrate. The substrate would be heated up to an elevated
temperature, which is typically the growth temperature. The growth species in the form of
vapor is transferred after being evaporated by various techniques. The catalyst droplet
accommodates the vapors that diffuse into the droplet by forming the eutectic point, which
is marked as the lowest melting temperature of two or more elements system mixed at a
certain composition that can be found in the binary phase diagram. For Si nanowires grown
on Au particles, the eutectic composition and the melting temperature are 18.6% Si and
363oC, respectively. When the supply of the growth species into the droplet reaches
saturation, the droplet begins to precipitate at the interface between the substrate and the
droplet. In the precipitation, the growth species forms into nuclei and begins to grow the
crystal. During the growth, an equilibrium composition is reached at the growth
temperature, as determined by the phase diagram. The growth may be unidirectional, but it
is perpendicular to the solid-liquid interface. Imperfections such as screw dislocations can
be found in the crystal. Such imperfections may promote the crystal growth, but are not
essential for VLS growth.
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Figure 2.13 Schematic diagram showing the Vapor-Liquid-Solid growth process.
Vigorous research on VLS growth is being carried out in the Lieber group at Harvard
University. They reintroduced the VLS process by producing silicon nanowires. Silicon and
the catalyst Fe were mixed and then ablated or heated up to 1200 oC [130]. Compound
semiconducting materials in the III-V and II-VI groups were also grown in nanowires [131133]. Many kinds of oxide materials are now made via the VLS mechanism [134-138].
2.7.2 Template based growth
Unlike the spontaneous growth introduced above, through template based growth, onedimensional structures, such as nanorods, nanowires, and nanotubes are fabricated by
filling the template [139-141]. The template has nanosize channels. These growth methods
are commonly used, so there are available commercialized templates, such as anodic
aluminum oxide (AAO) and radiation track-etched polymer membrane. Other examples
that are used include nanochannel array glass, radiation track-etched mica, mesoporous
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materials, porous silicon, zeolite, and carbon nanotubes. The versatile template widely used
for one dimensional structure is AAO, which has such features:
•

Made by anodizing aluminum foil in acidic solutions.

•

Uniform pore distribution and regular array.

•

Pore density up to 1011 pores/cm2.

•

pore size control from 10 nm to 100 ㎛.

According to the filling processes, template methods are divided into three major different
classes of template based growth:
Electrochemical deposition is referred to as electrodeposition. Exactly the same procedure
as for plating is applied to deposit charged ions (typically positively charged cations) under
an electric field. The template plays a role as a guide to confine the deposition area to the
designated size. This method can only be applied to electrochemically conductive materials
(metals, alloys, semiconductors, and electrochemical conductive polymers) because the
electrical current must go through the deposit layer for the process to continue.
Electrophoretic deposition is a method that is based on electrophoresis, which is a motion
of dispersed particles in fluid under an electric field. The surface of particles is charged
when they are dispersed in a polar solvent or an electrolyte solution. Under an external
electric field, the charged particles are set into motion in response to the electric field.
Materials deposited by the electrophoretic method do not need to be conducting.
Template filling is the simplest and most versatile method among all template based
growth methods. In this process, there is no external driving force such as an electric field.
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The filling of the pores of the template are governed by the capillary force. So, when the
template filling is carried out, several factors that affect the filling process need to be
considered:
•

The template materials must be compatible with the processing conditions.

•

The deposited materials or solution must be wet inside the pore walls.

•

The deposition must start from the bottom or one end of the template.

Sol-gel precursor is a preferred form to fill the pores. Because the capillary force enables in
the templates to be filled with the sol dispersed solution, which has large volume of solvent
fraction in the sol, up to 90%, any kind of material can be used. However, the actual
amount of sol that fills in the pores may be very small. The product is expected to shrink
after drying and heat treatment. As a result, the product forms small size nanorods or
nanotubes.
Molten metal of low melting point is also used to fill templates. Through immersing the
template in the molten metal or injection, one-dimensional metal or metal oxide structures
are obtained. For polymer fibers, monomers and polymerization reagent are filled into the
templates, and polymers grown on the pore walls are obtained in short times. Using
aqueous solution with proper metal salts is another route to form metal or semiconductor
nanostructures by filling and reacting with reagent chemicals.
2.7.3 Hydrothermal growth
The origin of the term “hydrothermal” is from geology. In the ocean, there is hydrothermal
circulation, which brings about changes in the Earth’s crust. As sea water is entrained in the
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stream of hydrothermal fluid, it becomes enriched in various minerals and then undergoes
high pressure and temperature within the crust. This process has an impact on the chemistry
of the hydrothermal fluid, leading to the formation of various rocks and minerals.
The growth process was performed in the laboratory by K. F. E. Schafthual in 1845. Since
he reported quartz crystal synthesis from silicic acid, many sorts of single crystals have
been made via hydrothermal method. The hydrothermal process is well known in industry
for growing single crystals. Huge production of artificial gems such as quartz and emerald
is achieved through hydrothermal routes, because the hydrothermal method has a benefit in
terms of reduction of the cost for the production of artificial gems. It only needs 2% of the
cost of natural crystals. It has other advantages in making microporous materials containing
organized pore structure (pore size of 4-20 Ǻ). Such materials find widespread applications
in diverse areas in chemicals, oil refining, pharmaceuticals, environmental applications, etc.
One of porous materials is zeolite, which is a naturally occurring microporous material
formed in a hydrothermal process.
Recently, considerable research has been carried out to produce crystalline nanostructures
using hydrothermal methods. Some interesting semiconducting materials, such as ZnO
[142-144], CuO [145], Ga2O3 [146], MnO2 [147], Fe3O4 [148], and TiO2 [149] were
studied.
Hydrothermal process
The growth process mimicking the hydrothermal process is a simulation of the natural
process. As the synthetic process has been developed, the hydrothermal method does not
only require high pressure and high temperature, but can be carried out at low temperature
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and low pressure. Its recent definition is “any heterogeneous chemical reaction in the
presence of a solvent (whether aqueous or non-aqueous) above room temperature and at a
pressure greater than 1 atm in a closed system” [150].
The hydrothermal process can be classified as dissolution-condensation growth. During the
formation of the target structure of a material, the growth species does not take a step
towards any intermediate phase transformation such as in VS growth. The entire process
takes place in a liquid medium. Growth species should first dissolve into a solvent
(solution), diffuse through the medium (solvent), and then be deposited onto a target (seeds
or substrates).
Solvent
According to the study of Franck [151], the properties of the water under hydrothermal
conditions change remarkably in viscosity (molecular mobility), dielectric constant, and
density. Moreover, at 1000oC and 150-200 kbar, the behavior of the water is like that of a
molten salt, in that it dissociates into H3O+ and OH-. These abnormalities make possible to
produce certain materials which cannot be formed under normal conditions.
Autoclaves
An autoclave is the closed system used for the hydrothermal process. It should endure high
pressure and resist attacks of acidic or basic chemicals because it contains the hydrothermal
solution at elevated temperature. So, safety and maintenance are prime concerns in running
the process. Many types of autoclaves have been devised: from Pyrex tubes or quartz tubes
for mild condition (few bar pressure, few hundred degrees temperature), to flat-plate seal
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(Morey type) and piston cylinder types, cold-cone seal type, or opposed anvil (diamond
anvil) for harsh conditions (> 2000 bar or more, ~1000oC). The general requirements for
autoclaves follow:
•

Inert to acids, bases, and oxidizing agents

•

Easy to assemble and disassemble

•

Sufficient length to obtain desired temperature gradients (for single crystal growth)

•

Leak-proof with unlimited capabilities at the required temperature and pressure

•

Rugged enough to endure high pressure and temperature experiments.
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3. Experimental
As much of the work of this thesis is based on synthesis of nanostructured materials for gas
sensors, various metal oxides were prepared using different synthesis methodologies. The
techniques employed in this study include template filling, carbothermal chemical vapor
deposition (CVD), and hydrothermal treatment. The template filling method was used for
tin oxide (SnO2), which was prepared via a sol-gel precursor and filled into a commercially
available template. Indium oxide (In2O3) and gallium oxide (Ga2O3) were prepared through
spontaneous growth via carbothermal CVD. The products were grown as one-dimensional
nanostructures and nanosheets on the base of the VL or VLS growth theories. The
hydrothermal method, one of the most prominent methods, was used to synthesize hematite
(α-Fe2O3), cobalt oxide (Co3O4), and cupric oxide (CuO). As-prepared metal oxides were
characterized by X-ray diffraction (XRD) for crystal structure, scanning electron
microscopy (SEM) for morphology, and transmission electron microscopy (TEM) for indepth analysis of structures. Physical or optical analyses were also conducted. All the
products were assembled in sensing elements and subjected to measurements as gas sensors.
Tests were conducted using several different gases in different concentrations.

3.1 Synthesis methods
3.1.1 Template filling
The template filling method can provide an easy approach to nanostructure materials. The
template restricts the outer diameter of nanotubes or nanorods, giving them a uniform
diameter. In this experiment, anodic aluminum oxide (AAO) membranes (Whatman, 200
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nm pore, 60 μm in thickness, and 47 mm in diameter) were used as the template for
preparing SnO2 nanotubes. The synthesis was carried out using the following steps:
•

The precursor was prepared by the sol-gel procedure using such chemicals as tin (II)
chloride dehydrate (SnCl2.2H2O, Aldrich, A.C.S. reagent), sodium hydroxide
(Aldrich, 98%), and hydrochloric acid (36%, Merck). All chemicals were mixed
together according to the stoichiometric quantities and aged for 24 hours, waiting
for the color change from white to pale yellow and the final formation of a
transparent and highly viscous gel.

•

Deionized water was added to the as-prepared gel to form a solution.

•

AAO templates were filled by vacuum suction, which forced the solution to pass
through the pores of the template and adhere on the pore walls.

•

The templates were dried at 100 ˚C and then sintered at 500 ˚C for 3 hours to
convert the tin hydroxide to tin oxide.

•

The AAO membrane was dissolved in 6 M NaOH solution. The undissolved SnO2
nanotubes were collected and washed through a filtering process to remove Na+ and
Al3+.

3.1.2 Carbothermal chemical vapor deposition (CVD)
According to the spontaneous growth theories, In2O3 nanowires and Ga2O3 nanowires and
nanosheets were prepared via chemical vapor deposition. In2O3 and Ga2O3 can be prepared
by chemical vapor deposition at about 1400oC in a tube furnace using oxide powder as the
precursor. In these experiments, we modified the synthetic method to achieve lower heating
temperature compared to the conventional method. Carbon was used as a reagent for this
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purpose, that is, reduction of the temperature required to evaporate the source materials to
achieve production at the same quality as the conventional method.
The preparation is as follows: the metal oxides (In2O3 and Ga2O3) were separately ground
with activated carbon in an agate mortar over 30 min to achieve close contact of the oxides
and the carbon because empirically, thorough mixing is a key point to increase productivity.
Silicon (Si) wafer was used for the substrates on which the product would be deposited.
The Si wafer was cut in pieces (1×1 cm2) and cleaned in alcohol by sonication and dried.
Gold catalyst was deposited on it by plasma coating. The average particle size of the
deposited Au particle was 50 nm. The mixed source material and the substrate were
transferred to 3 zone furnace. The synthesis condition was as below:
•

Heating temperature: 900°C

•

Reaction time: 1 hour

•

Thermal gradient: source (900°C); substrate (700-800°C)

•

Pressure: 10-3Torr

•

Carrier gas: mixture of 95% Ar and 5% O2 from mass flow controller (MFC)

The heated source mixture was subjected to low pressure and a thermal gradient for
promotion of evaporation and deposition of metal vapors on the substrate placed in the low
temperature region. A photograph of the equipment and the whole configuration of the setup are shown in Fig 3.1.
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3 zone furnace

vacuum
pump

MFC
(95% Ar
+ 5% O2)

Heating coil

Figure 3.1 Photograph (top) and the schematic diagram of the configuration (bottom) of
the 3 zone furnace for carbothermal chemical vapor deposition.
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3.1.3 Hydrothermal (or solvothermal) method
The very fascinating feature of this method is its ability to create morphologies and
compositions which are unable to be obtained under ambient conditions. The properties
derived from these morphologies and compositions can be tailored by controlling the
nucleation and growth rate by adjusting the temperature and time, and choosing the
reactants. We formulated many types of chemical reactions to control the morphologies of
the products via hydrothermal or solvothermal methods. In essence, the hydrothermal
method needs vessels that can endure high pressures and temperatures for a long period of
time. Thus, it is obvious that such experiments have very serious safety issues. We ordered
autoclaves that are specially designed and cut as shown in Fig. 3.2. A steel vessel is on the
left and a Teflon container on the right. The capacity is about 25 mL. This equipment is
easy to seal with the cap after putting the reactant solution in. This simple tool is for low
temperature reaction under 200oC. The reaction would be carried out in an oven, so that the
temperature condition is set by the oven.
Several semiconducting metal oxides were synthesized via hydrothermal or solvothermal
methods. (The difference between them is the solvent in which the reagents would be
dissolved and react. In the hydrothermal method all reactants are mixed in water, and in the
solvothermal method in an organic solute such as methanol.) The morphologies realized by
hydrothermal treatment can cover a range of well known nanostructure forms such as
nanorods (α-Fe2O3), nanowires (α-Fe2O3), nanospheres (α-Fe2O3, Co3O4), and nanoribbons
(CuO). The experiments were carried out in two steps: First, the preparation of precursors
was conducted by various hydrothermal treatments. In this step, the morphologies were
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determined by the control of several parameters. Then, the precursors were thermally
treated by calcinating in a furnace. A schematic diagram of the process is shown in Fig. 3.3.

Figure 3.2 Photograph of autoclave vessel (left) and inner Teflon container (right).

Figure 3.3 Schematic diagram of hydrothermal procedure.
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3.1.3.1 Hematite (α-Fe2O3) nanorods
Flute-like porous α-Fe2O3 nanorods and branched nanostructures were synthesized by
hydrothermal treatment. First, the precursor β-FeOOH was prepared. A mixture of FeCl3 (2
mmol) and urea (5 mmol) was hydrothermally treated at 120oC for 10 h, a brown-yellow
precipitate was collected, washed with distilled water and absolute ethanol, and finally
dried under a vacuum at 60oC for 4 h to yield the precursor. Then, the precursor was heated
in air at 500oC for 5 h and converted completely to the α-Fe2O3 nanostructures.
3.1.3.2 Hematite (α-Fe2O3) nanowires
α-Fe2O3 nanowires were synthesized using iron nitrilotriacetic acid (FeNTA) as precursor.
0.15 M FeCl3 aqueous solution was mixed with isopropanol, to which 3 m mol
nitrilotriacetic acid (NTA) was added. After thorough stirring, the mixture was
hydrothermally treated at 180°C for 24 h. The resultant white floccules were collected by
centrifugation, washed with de-ionized water and absolute ethanol, and vacuum dried at
60°C. The obtained precursors were calcinated at 350 °C for 1 h to be converted to α-Fe2O3
nanowires.
3.1.3.3 Hematite (α-Fe2O3) nanospheres
Hematite porous nanospheres with uniform size and shape were synthesized. 1 mmol
Fe(NO3)3·9H2O, 2 mmol sodium citrate, and 2.5 mmol urea were sequentially dissolved in
15 mL de-ionized water under continuous stirring. Once a transparent yellow-green
solution was formed, it was transferred to a Teflon-lined stainless steel autoclave of 25 mL
capacity and heated at 160oC for 10 h. After it was cooled to room temperature naturally, a
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brown-yellow precipitate was collected, washed several times with deionized water and
absolute ethanol, and dried in air at 60oC for 4 h to yield the precursor. The final Fe2O3 red
powder was prepared by heating the precursor in static air at 500oC for 2 h.
3.1.3.4 Cupric oxide (CuO) nanoribbons
So far, all the experiments were only controlled by temperature and time and the
reagents. In the synthesis of CuO, a surfactant was used as an organic template to
control morphology. When other surfactants than sodium dodecylbenzenesulfonate
(SDBS) were used, we could not observe any nanostructure in the resultant products.
CuO nanoribbons were synthesized from the hydrothermal reaction using CuSO4 and
NaOH in the presence of an anion surfactant, SDBS. In a typical procedure, 10 mL of
0.1 M SDBS was dropped into 10 mL of 0.1 M CuSO4 solution with continuous stirring.
Subsequently, 10 mL of 6 M NaOH solution was added dropwise into the above
suspension. After stirring for another 10 min, the mixture was hydrothermally treated at
120 oC for 10 h. The black product was collected, washed with distilled water and
absolute ethanol, and finally dried under a vacuum at 60 oC for 4 h. Because the crystal
structure and phase of CuO after hydrothermal treatment was obtained as expected,
there was no further heat treatment.
Functionalization of the CuO nanoribbons with Pt and Au was carried out through a
wet-chemical reduction method. Briefly, the as-prepared CuO nanoribbons were
ultrasonically dispersed in 20 mL of H2O, to which a given amount of H2PtCl6 (or
HAuCl4) and L-ascorbic acid solution was added sequentially. After the above mixture
was heated at 60 oC for 15 min under continuous stirring, the products were collected in
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the same way as for the pristine nanoribbons.
3.1.3.5 Cobalt oxide (Co3O4) nanospheres
In this experiment, solvothermal treatment was used. Methanol was used as the solvent
instead of water. 0.70 g of Co(NO3)2·6H2O and 1.5 g of water were dissolved in 22 mL of
methanol. Then, 2.0 g of sodium dodecylbenzenesulfonate (SDBS) was added into the
solution. The resulting mixture was sonicated for 0.5 h, and then transferred into a 25 ml
Teflon-liner autoclave, sealed, and maintained at 180°C for 4 h in an oven. After the
autoclave was naturally cooled to room temperature, the resulting black solid products were
separated by centrifugation, washed with distilled water five times, and dried in vacuum at
100 °C for 4 h. To further improve the crystallinity and phase purity, the products were
annealed at 500 °C for 3 h.
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3.2 Characterization
3.2.1 XRD measurements
X-ray diffraction is the most widely used powerful technique to identify the crystal
structure and the atomic array of materials. It is based on constructive interference of
monochromatic X-rays and a crystalline sample. The interaction of the incident rays with
the sample produces constructive interference (and a diffracted ray) when conditions
satisfy Bragg's Law (Equation 3.1). This law relates the wavelength of electromagnetic
radiation to the diffraction angle and the lattice spacing in a crystalline sample.
(3.1)

Figure 3.4 Schematic diagram of Bragg diffraction: n is an integer determined by the order
given, λ is the wavelength of X-rays and, in other cases, moving electrons, protons, and
neutrons, d is the spacing between the planes in the atomic lattice, and θ is the angle
between the incident ray and the scattering planes.
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A Philips PW1730 X-ray diffractometer was employed to characterize crystal structure and
verify phase purity. For one-dimensional nanostructures, XRD peaks may indicate the
crystal growth direction. Samples fabricated by the hydrothermal method and template
filling were prepared in accordance with the normal procedure (making slurry with ethanol
and smearing on quartz plate). Nanowires (In2O3, Ga2O3) which were synthesized by
carbothermal CVD were carefully scratched off the substrate with a sharp knife onto a
quartz plate. One or two drops of ethanol were dripped on them using a pipette. Then the
sample was dried. Measurements were performed in the range of 10~80o (machine
measurement range: 5~110o) at the speed of 1o/min and step size of 0.05o. Analysis of the
spectra was carried out using the Traces (GBC Co.) software package with the database of
the Joint Committee on Powder Diffraction Standards of the International Centre for
Diffraction Data (JCPDS-ICDD; 2001, 2003 versions). The crystallite size was calculated
using the Scherrer equation.
(3.2)
where τ is the mean crystallite dimension, K is the shape factor (0.89), λ is the Xray wavelength (Cu Kα = 1.5418Å), β is the line broadening at full width half
maximum intensity (FWHM) in radians, and θ is the Bragg angle.
3.2.2 SEM and field emission SEM with EDS
Morphology observations were performed using scanning electron microscopy (SEM). The
equipment used included SEM (JEOL JSM-6460A) and field emission SEM (FESEM)
(JEOL JSM-6700F). Both machines are equipped with energy dispersive X-ray
spectroscopy (EDS), which detects the component elements of materials. EDS is not
67

suitable to detect light materials such as lithium and boron, but it is from sodium upward (Z
≥ 11), with precision.
Samples were placed on a small stub (diameter: 1 cm) with carbon conductive tape.
Aggregated ones were dispersed in ethanol before placing and dried thoroughly. The oxide
materials investigated in this thesis are semiconductors. Electron charge was induced by an
incident electron beam from time to time. So, the observations were made after coating the
sample with a platinum layer of less than 5 nm. In general observations of morphology or
size measurements, this layer can be can be ignored. In EDS, we did not use a coating
process because this has an effect on element detection.
3.2.3 TEM, high-resolution TEM, and SAED
The most powerful tool for the structure analysis is transmission electronic microscopy
(TEM). Crystal structure data obtained from the X-ray diffraction spectrum is further
analyzed by TEM. An electron beam from a gun penetrates materials, creating images and
patterns on a fluorescent screen or a digital screen. These are used to identify the internal
structure of materials or determine unknown materials or structural modifications. By this
tool, we identified and confirmed the structures of nanostructured semiconducting metal
oxides. Generally, specimens for TEM analysis were prepared by cutting, polishing,
dimpling, and then ion-milling to obtain material thin enough for an electron beam to pass
through. However, the nanostructured materials synthesized in this work are non-bulk, so
all samples were prepared by dispersion of products in ethanol using a sonicator. The
sonication time depends on the material’s shape and size. Normally, for nanowires which
were grown in a certain preferential direction, the ultrasound energy was applied for a short
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time (5−10 min), while a long time was used for the spheres and rods (20~30 min) because
of their tendency to aggregate to reduce the surface energy. Once the nanomaterials were
dispersed and the sample became a suspension, it was transferred onto a copper grid (Ø 3
mm with 200 mesh, holey carbon support) immediately and dried. The TEM machine was a
JEOL JEM 2011 (working acceleration voltage 200 kV) equipped with EDS and two digital
cameras capable of capturing images by manipulation and analysis software, iTEM. Post
analysis was carried out using the software package ‘Image Pro 4.5’.
3.2.4 BET (Brunauer-Emmett-Teller)
A specific surface area analysis method was established on the basis of BET theory, named
after Stephen Brunauer, Paul Hugh Emmett, and Edward Teller, in which they extended
Langmuir theory by applying it to a multilayer of absorbed gases, assuming that absorbed
gas layers do not have any interaction with each other. This method is used to estimate
surface areas. Basic research on the typical gas sensor material, SnO2, was strongly
demanded. So, a commercial SnO2 powder and one synthesized by template filling were
compared in specific surface area. The equipment used was a QUANTACHROME NOVA
1000 nitrogen absorption apparatus.
3.2.5 Raman spectroscopy
Raman spectroscopy was employed to elucidate the internal structure of molecules and
crystals. The Raman Effect (discovered by the Indian physicist C. V. Raman in 1928)
occurs when light impinges upon a molecule and interacts with the electron cloud and the
bonds of that molecule: the incident photon excites the molecule into a virtual state. When
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the molecules relax to ground state, most of the photons scatter elastically (Rayleigh
scattering), while inelastic scattering occurs in a very small fraction (1 in 107 of incident
photons). The energy of the scattered radiation is less than the incident radiation for the
Stokes line and the energy of the scattered radiation is more than the incident radiation for
the anti-Stokes line (Fig. 3.5). The instrument for Raman spectroscopy was a JOBIN
YVON Horiba Confocal MicroRaman spectrometer model HR800 with 632.8 nm diode
laser excitation on a 300 lines/mm grating at room temperature.

Figure 3.5 Energy level diagram showing the states involved in the Raman effect.

3.2.6 UV-vis spectroscopy
Ultraviolet-visible (UV-vis) spectroscopy is typically used in the quantitative determination
of solutions of transition metal ions and highly conjugated organic compounds. Fig. 3.6
presents a schematic diagram of the operation of a UV-vis spectrophotometer. A light from
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the source is separated into its component wavelengths by a prism or diffraction grating.
Each monochromatic (single wavelength) beam in turn is split into two equal intensity
beams by a half-mirrored device. One beam (the sample beam) passes through a small
transparent container (cuvette) containing a solution of the compound being studied in a
transparent solvent. The other beam (the reference beam) passes through an identical
cuvette containing only the solvent. The intensities of these light beams are then measured
by electronic detectors and compared.

Figure 3.6 Schematic diagram of the operation of UV-vis spectroscopy.
The instrument used for UV-vis spectra was a Shimadzu UV-1700, which uses a blazed
holographic grating with self-aligning, energy-optimizing deuterium and tungsten-halogen
lamps to enhance precision across the UV-Vis spectrum and into the near infrared (NIR)
from 190 to 1100 nm.
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3.2.6.1 Band-gap measurements from the absorption spectrum
A classical semiconductor exhibits minimal optical absorption for photons with energies
smaller than the band gap and high absorption for photons with energies greater than the
band gap. As a result, there is a sharp increase in absorption at energies close to the band
gap that manifests itself as an absorption edge in the UV-Vis absorbance spectrum.
Accurate estimation of the bandgap requires use of the following formula:
(αhν)n = B(hν − Eg)

(3.3)

where α is the absorption coefficient, hν is the energy of incident photons, B is constant
relative to the material, and Εg is the electronic bandgap of the semiconductor. Εg is the
intercept of the straight line obtained by plotting (αhν)n vs. hν. (n=2 for direct bandgap
semiconductors, n=1/2 for indirect bandgap semiconductors)
3.2.7 Photoluminescence (PL) spectroscopy
The PL often originates near the surface of a material. PL analysis is an important tool in
the characterization of surfaces. Because the measurement does not rely on electrical
excitation or detection, sample preparation is minimal. This feature makes PL particularly
attractive for material systems having poor conductivity or undeveloped contact/junction
technology. Also, the PL spectrum provides the transition energies, which can be used to
determine electronic energy levels. Samples were cooled down to 10 K using a cryocooler.
(The excitation source was a 325 nm He-Cd laser with a power density of 4 mWcm-2.)
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3.2.8 Magnetic measurements
The Magnetic Properties Measurement System (MPMS XL) manufactured by Quantum
Design Co. is an excellent tool for determining the magnetic properties of magnetic
materials. This has been an industry standard magnetometer since 1983. By measuring the
magnetic moment of a sample, the magnetisation and magnetic susceptibility can be
determined. So, two types of magnetic measurement on iron oxides (Fe2O3) nanostructures
were performed. First, the dependence of the magnetization (M) of the sample on the
temperature (T) under zero magnetic field cooling (ZFC) and applied magnetic field
cooling (FC) were measured. The applied magnetic field was set to 500 Oe.
3.2.9 Thermal analysis
Thermogravimetric analysis/ differential thermal analysis (TGA/DTA) is the tool for the
qualitative and quantitative analysis of a sample as it is heated. The thermogravimetric
analysis (TGA) measures the weight loss or gain of a material. The differential thermal
analysis (DTA) identifies the temperature regions and the magnitude of a change in energy.
Thermal analysis was carried out using a SATARAM TGA-92. It consists of a computer (to
control the instrument), an isolated oven which contains a high-precision balance and a
thermocouple to precisely measure mass change and temperature difference against the
temperature (with the temperature rising at a constant rate up to 1000oC or more), and a gas
purge system to control the atmosphere. The thermal analysis was undertaken to determine
the decomposition temperature and to identify the reaction of a precursor, FeNTA, during
an experiment. The test was done in an inert atmosphere to prevent oxidation.
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3.3 Gas sensor measurements
Gas sensors are very sensitive to the synthesis process and the fabrication. So, we
standardized all processes in accordance with diagram in Fig. 3.7 and kept them all that

Making gas sensing element

way.

Making slurry:
nanostructure materials + binder

Pasting slurry onto ceramic tubes

Drying in oven

Sintering in furnace

Welding gas sensing element
and heating coil
to Ni pins in plastic base

Pre-heating gas sensing element

Gas sensing test

Figure 3.7 Diagram of the process for fabrication and testing of gas sensors.
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3.3.1 Gas sensing system
We purchased a commercial gas sensor test system. The model is a WS-30A from Weihua
Co. in China. The system comprises a box shaped machine and acrylic chamber, which
covers the machine (Fig 3.8(a)). There is a control panel on the front and slots for the
sensor board and reference resistor on top. The humidity sensor, temperature sensor, two
fans, and heating plate were installed together (Fig. 3.8(b)). The machine is designed to test
gas sensors by a static environment method, which accommodates a certain amount of
gases to be detected in a fixed volume (18 liters). There are two holes in the chamber: one
is at the back for gas injection; the other is on the top for gas release. On the control panel
are a turn-on switch, two knobs for the heating voltage and the voltage applied to the
sensing element, two displays showing current voltage setting, a fan switch, and a press
button for the hot plate. The heating voltage and applied voltage can go up to 10 V. The
two fans are for stirring up the injected gases. The hot plate is for liquid state analyte gases
that need to be evaporated. The sensor board has 30 socket type channels for sensing
elements and each channel has six pin holes: two for heating; four for voltages and
measurements (Fig 3.9). This system is connected to a computer via a specific interface
board. Data are collected in the form of voltage and resistance in real-time.
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Figure 3.8 WS-30A commercial gas sensor measurement system: a) side view of the
machine. The inset photograph shows the injection hole. b) Deck from top view. All part
names are denoted in the photograph.
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Figure 3.9 Gas sensor board with 30 sockets for sensing elements.
3.3.2 Gas sensor fabrication
For testing gas sensors, it is necessary to fabricate gas sensor elements. The element is
composed of a sensing material, substrate, and heater. The sensing materials are
semiconducting metal oxides. The substrates are cylindrical alumina tubes 3 mm long and
1.2 mm in diameter (Fig. 3.10(a)). Each substrate has two gold electrodes, to which 4
platinum wires are attached for connection to an outer circuit. The heaters are Ni-Cr resistor
wires in the form of coils, wound tightly enough to insert into the tube substrate (Fig.
3.10(b)).
All the components for sensing elements were assembled by the following procedure.
•

Make a slurry by mixing the sensing material with binder

•

Paste the slurry on a substrate with care. Make sure that the two gold electrodes are
covered.
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•

Dry in an oven after pasting.

•

Sinter in a muffle furnace at an elevated temperature.

•

Insert heating coil into the hole in the substrate and weld six wires on nickel pins on
the plastic base.

Fig. 3.10(c) shows the completed gas sensor. It is now ready for the gas sensor tests.

Figure 3.10 a) Alumina substrate for gas sensing element and b) heating coil. Gas sensor
inserted in a socket on sensing board after fabrication.
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3.3.3 Gas sensor testing
In sequence, the as-prepared sensors were tested using the static environment method. Preheating is a prerequisite step for stable data collection because of the moisture adsorbed on
the materials. Once the machine and sensor were stabilized, a gas was injected into the gas
inlet at the back of the chamber. After each detection, the gas was released by opening the
cover. While performing this testing, the data would be transferred to the computer and
stored in memory.
The gases tested for this research were inflammable, toxic, corrosive, and irritating liquids.
They are in the liquid state at room temperature. So, evaporation is essential for the test.
The machine is equipped with a small hot plate. Gases were injected using a microsyringe,
dropped on the hot plate, and evaporated in a moment, as would be expected for small
amounts. However, a large volume of gases took time to completely evaporate. Even if
there was a slight delay in the evaporation, this did not have any effect on reaching the
maximum sensitivity or on the sensitivity curve. Only a negligibly slight effect existed for
curved regions.
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4. Effect of tubular structure on SnO2 gas sensor
4.1

Introduction

Tin oxide (SnO2) is a wide band gap (3.6 eV) semiconductor. The electronic conductivity
of SnO2 is significantly influenced by the effects on its surface states of molecular
adsorption. It has been widely explored as an effective gas sensor, traditionally in the forms
of thin or thick films with low sensitivity and long response time [152]. Recently, SnO2
nanobelts have been tested for their sensitivity to environmental pollutants such as CO and
NO2 [31]. Photochemical SnO2 nanoribbon sensors have been fabricated for detecting low
concentrations of NO2 at room temperature under UV light [32]. Polycrystalline SnO2
nanowire sensors were also developed for sensing ethanol, CO, and H2 gas [153]. SnO2
nanohole array sensors have exhibited a reversible response to H2 [154]
This chapter presents the synthesis of polycrystalline SnO2 nanotubes using the sol-gel
template method, and the fabrication of SnO2 nanotube sensors. Due to their onedimensional and tubular structure, the SnO2 nanotube sensors exhibited high sensitivity and
quick response time for detecting ethanol and ammonia gas.

4.2

Experimental

The synthesis process followed the description in Section 3.1.1: SnO2 nanotubes were
prepared using anodic aluminum oxide (AAO) templates. The crystal structures and
morphologies of the SnO2 nanotubes were characterized using X-ray diffraction (XRD,
Philips 1730), field emission scanning electron microscopy (FE-SEM, JEOL JSM-6700F),
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and transmission electron microscopy (TEM, JEOL 2011). The specific surface area was
measured by the Brunauer-Emmett-Teller (BET) method at 77 K using a NOVA 1000 high
speed gas sorption analyzer (Quantachrome Corporation, USA). The gas sensing properties
of the as-prepared SnO2 nanotubes and SnO2 nanopowders (61 nm average particle size
(APS), Nanostructured & Amorphous Materials Inc., USA) were measured using a WS30A gas sensor measurement system. SnO2 nanotubes and nanopowders were mixed with
polyvinyl acetate (PVA) binder to form a slurry, and then pasted onto ceramic tubes (2 mm
in diameter) between Au electrodes, which were connected with four platinum wires. The
fabricated sensors were fitted into the gas-sensing measurement apparatus. Given amounts
of ethanol and ammonia gas were injected into the testing chamber by a microsyringe. The
gas sensing response was defined as the ratio Rair/Rgas, where Rair and Rgas are the electrical
resistances of the sensors in air and in gas, respectively. The gas sensing measurement was
carried out at a working temperature of 200 °C.

4.3

Results and discussion

Fig. 4.1 shows the X-ray diffraction patterns of the SnO2 nanopowders and SnO2 nanotubes.
All diffraction lines can be indexed to the tetragonal rutile phase (JCPDS #41-1445). It
should be noted that the SnO2 nanotubes have much broader diffraction peaks and lower
diffraction intensities than the SnO2 nanopowders, indicating a much smaller crystal size
for the nanotubes. The average crystal size for the SnO2 nanotubes was calculated to be
about 15 nm using the Scherrer equation (see Section 3.2.1). The general morphology of
SnO2 nanotubes was observed by FE-SEM and is shown in Fig. 4.2. The as-prepared SnO2
nanotubes have lengths of a few micrometers. The SnO2 nanotubes were partially broken,
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which could have been induced during the sintering process or the subsequent filtering
process.

Figure 4.1 X-ray diffraction patterns of SnO2 nanotubes and nanopowders.

Figure 4.2 a FESEM image of SnO2 nanotubes. The inset is a top view of a SnO2 nanotube
bundle.
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The inset in Fig. 4.2 is a top view of a SnO2 nanotube bundle, from which a hollow and
tubular structure with an outer diameter of 200 nm was observed for the individual
nanotubes. Measurements of the BET surface areas of the commercial nanosize SnO2
powders and the as-prepared SnO2 nanotubes were carried out. The SnO2 nanosize powders
have a BET surface area of 15.2 m2/g, while the SnO2 nanotubes have a surface area of 45.6
m2/g. The crystal structure of the SnO2 nanotubes was further analysed by TEM and high
resolution TEM (HRTEM). A general TEM image of a SnO2 nanotube is shown in Fig.
4.3(a). The SnO2 nanotubes are polycrystalline, with the small nanosize crystals bonded
together through the sintering process. Selected area electron diffraction (SAED) was
performed on the individual SnO2 nanotubes (the inset in Fig. 4.3(a)). The indexed ring
patterns confirmed the tetragonal crystal structure of the SnO2 nanocrystals that form the
nanotube. Fig. 4.3(b) shows a high resolution TEM image of a SnO2 nanotube, in which the
individual crystal sizes are in the range of 10 – 20 nm. The lattice spacing was measured to
be 0.47 nm.
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Figure 4.3 (a) TEM image of a single SnO2 nanotube, inset: selected area electron
diffraction pattern. (b) HRTEM image of a portion of a SnO2 nanotube.
SnO2 nanotubes were tested as chemical sensors of ethanol and ammonia gas. As a
comparison, the sensing properties of SnO2 nanopowders (APS: 61 nm) were also tested.
The gas sensitivities were measured in air under a relative humidity (RH) of 40-50%.
Through pretesting, we first determined that the optimized sensor working temperature was
200 °C, at which both SnO2 nanotubes and SnO2 nanopowders exhibited an optimal
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performance. Subsequently, all sensing measurements were conducted at this working
temperature. Fig. 4.4(a) shows the real-time gas sensing response towards ethanol vapor for
SnO2 nanotube and nanopowder sensors. The ethanol vapor concentrations were varied.
Initially, the SnO2 nanotube sensor showed similar sensitivity to the SnO2 nanopowders at
very low concentration (10 ppm). However, as the ethanol vapor concentration increased,
the SnO2 nanotube sensor demonstrated higher sensitivity. In general, on increasing the gas
concentration, the sensitivity increases proportionally. Fig. 4.4(b) shows the gas sensing
response vs. the ethanol concentration in the range of 10 ppm to 1000 ppm. It should be
noted that SnO2 nanotubes have more than 1.5 times higher sensitivity than the
corresponding nanopowders. This result is comparable to the previously reported ethanol
gas sensing performance using nanocrystalline SnO2 powders with an average crystallite
size of 8 nm [155].
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Figure 4.4 (a) Real-time sensing response to ethanol gas in air. Inset: equivalent electrical
circuit for SnO2 nanopowder sensor and SnO2 nanotube sensor. (b) Sensing response vs.
ethanol vapor concentration.
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By analyzing the transient response characteristics of SnO2 nanotube and nanopowder
sensors, it was found that the response time to gas on and recovery time to gas off take less
than 5 s. When examining the shape of the response curves in Fig. 4.4(a), it is clear that the
SnO2 nanotube sensor required more response time to reach its maximum value at all
concentrations when the gas was on; similarly, there was also a delay before recovery when
the gas was off. This retarded response behavior of SnO2 nanotube sensor is typically
related to the small crystal size and 1D structure of the nanotubes. It can be explained by
using the equivalent electric circuit models shown in the inset in Fig. 4.4(a). SnO2
nanopowders could be considered as a simple resistor because individual crystals are
loosely agglomerated. Therefore, the SnO2 nanopowder sensor shows straight lines in the
response profiles. On the other hand, the SnO2 nanotubes can be modeled as a capacitor
connected in parallel with a resistor and then serially connected with another resistor. The
capacitance behavior mainly comes from the grain boundaries between the tiny nanosize
crystals that form the nanotubes [156]. This model can satisfactorily explain the retarded
response behavior of the SnO2 nanotube sensor.
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Figure 4.5 Real-time sensing response to ammonia gas in air.
The sensitivities towards ammonia are shown in Fig. 4.5. When attempting to detect
ammonia gas, the SnO2 nanopowder sensor showed no response at low concentration and a
slight change in the resistance at high concentrations, but the response was unstable and
had serious fluctuations. In contrast, the SnO2 nanotube sensor was active even at 10 ppm.
Its sensitivity towards ammonia increased proportionally with the increasing gas
concentration. However, the overall sensing response performance towards ammonia gas is
much lower than towards ethanol gas for both SnO2 nanosize powders and SnO2 nanotubes.
The response curves in Fig. 4.4 and Fig. 4.5 clearly indicate a sensing mechanism that
could be described as gas surface chemisorption and electron acceptance, resulting in a
decrease in the sensor resistance. SnO2 is an n-type wide band gap semiconductor. Its
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electronic conduction originates from point defects, which either are oxygen vacancies or
foreign atoms that act as donors or acceptors. In the ambient environment, SnO2
nanocrystals are expected to adsorb both oxygen and moisture, in which moisture may be
adsorbed as hydroxyl groups. The adsorbed O2- and OH- group trap electrons from the
conduction band of SnO2 nanocrystals, inducing the formation of a depletion layer on the
surface of the SnO2 nanocrystals [157]. When exposed to ethanol vapor, CH3CH2OH
molecules are chemi-adsorbed at the active sites on the surface of the SnO2 nanocrystals.
These ethanol molecules will be oxidized by the adsorbed oxygen and lattice oxygen (O2-)
of SnO2 at the sensor working temperature. During this oxidation process, electrons will be
transferred to the surface of the SnO2 nanocrystals to lower the number of trapped electrons,
inducing a decrease in the resistance. A similar mechanism should be ascribed to the
detection of NH3 gas, because NH3 is commonly considered to work as a reducing agent
and to donate electrons [158]. Therefore, when exposed to NH3 molecules, a SnO2 sensor
responds with the increased conductivity. SnO2 nanotubes consist of small nanocrystals
joined together into 1D tubular structures, resulting in many more active sites for gas
chemisorption. In addition, both the inner and outer walls of SnO2 nanotubes can adsorb a
large number of gas molecules. Consequently, SnO2 nanotubes show an enhanced
sensitivity compared to the corresponding nanopowders.
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4.4

Summary

Polycrystalline SnO2 nanotubes have been prepared via the sol-gel template method. FESEM observation shows the tubular 1D nanostructure. TEM and HRTEM analysis
confirmed the polycrystalline nature and tetragonal crystal structure of the SnO2 nanotubes.
The SnO2 nanotubes exhibited an enhanced sensitivity to ethanol gas.
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5.

The properties of In2O3 semiconductor nanowires
for gas sensors

5.1

Introduction

Indium oxide (In2O3) is a wide band-gap transparent semiconductor (direct band gap of
3.55 − 3.75 eV and indirect bandgap of 2.6 eV), which can be widely used in electronic and
optoelectronic devices, flat panel displays, gas sensors, and photocatalysis [159-161].
Indium oxide thin films have been investigated for use in both electronics and gas sensors.
High performance thin-film transistors (TFTs) using transparent In2O3 thin films have
demonstrated excellent operating characteristics with large field-effect mobility, a good
drain-source current on/off modulation ratio, and near-zero threshold voltage [162]. In2O3
thin films prepared by the sol-gel method have exhibited the capacity to detect low levels
(several hundred ppb) of nitrogen dioxide in air [163]. Nanobelts of In2O3 have been
synthesized via evaporation of In2O3 crystalline powders at 1400 ºC [123].
Here, an efficient technique for synthesizing In2O3 nanowires by a carbothermal reduction
method is introduced. The crystal structure and optical properties of the as-prepared In2O3
nanowires were examined by HRTEM and photoluminescence spectroscopy. Also,
measurements of gas sensors properties were conducted on ethanol and ammonia gases.

5.2

Experimental

The synthesis of In2O3 one-dimensional nanostructures was conducted using a carbon
thermal reduction method through a vapor phase evaporation process. Nanosize In2O3
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powders (200 nm, Sigma-Aldrich) were mixed with carbon black in a molar ration of 1:1,
and then put in an alumina boat, which was covered by a (100) silicon substrate. The
alumina boat was placed inside a quartz tube furnace. The furnace was evacuated and then
a flowing gas mixture of 95% argon and 5% oxygen was introduced at a rate of 150 SCCM
(standard cubic centimeters per minute at standard temperature and pressure (STP)). The
furnace was heated to 900 ºC and kept around 1 × 10-3 Torr. After evaporation for 60 min,
the silicon wafer was covered with a white layer that appeared to consist of needle-like
fibers. The morphologies and crystal structures of the In2O3 nanowires were investigated
using X-ray diffraction (XRD, Philips 1730), field emission scanning electron microscopy
(FE-SEM, JEOL JSM-6700F), and transmission electron microscopy (TEM, JEOL 2011).
The gas sensing properties of In2O3 nanowires were measured using a WS-30A gas sensor
measurement system. In2O3 nanowires were mixed with polyvinyl acetate (PVA) binder to
form a slurry, and then pasted on to ceramic tubes. In2O3 nanosensors were tested as a
sensor for ethanol and ammonia gases.

5.3

Results and Discussion

Fig. 5.1(a) shows the X-ray diffraction patterns of In2O3 nanocrystalline powders and the
as-grown nanowires. All diffraction lines can be indexed to a cubic structure of the bixbyite
Mn2O3 (I) type, which belongs to space group Ia3 (206). The lattice parameter of In2O3
nanowires was calculated to be a = 10.115 Å, which is consistent with the standard value
for In2O3 powders (JCPDS 06-0416). Comparing the diffraction patterns of In2O3 powders
and In2O3 nanowires, it can be seen that the In2O3 nanowires present their strongest
diffraction line at (400) instead of (222) as for In2O3 nanopowders. This clearly indicates
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that the In2O3 nanowire lattice grows preferentially along the [010] direction. No impurity
phases were identified by X-ray diffraction. After the deposition, examination of the
morphology of the white fibrous layer deposited on the surface of the Si substrate by FESEM analysis was conducted. A general FE-SEM image of the as-grown In2O3
nanostructure is shown in Fig. 5.1(b), which confirmed that high density In2O3 nanowires
had been successfully synthesized. The In2O3 nanowires are straight, and have a diameter
ranging from 30 nm to a few hundreds of nanometers and a length extending to more than
one hundred micrometers. Fig. 5.1(c) displays the quadrilateral cross-section of an In2O3
nanowire with a width-to-thickness ratio of about 1:1. However, there were In2O3
nanowires with hexagonal cross-sections (as shown in Fig 5.1(d)), indicating the
corundum-type h-In2O3 structure. Preparation of the h-In2O3 structure requires high
temperature and high pressure [164]. Recently, h-In2O3 nanocrystals have been synthesized
at ambient pressure via a surfactant-assisted hydrothermal process [165]. This research may
be the first in which h-In2O3 nanowires were synthesized via the vapor deposition approach.
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Figure 5.1 (a) X-ray diffraction patterns of In2O3 crystalline powders and as-prepared
nanowires. (b) FE-SEM image showing straight In2O3 nanowires. (c) FE-SEM image
showing the quadrilateral cross-section of an In2O3 nanowire. (d) FE-SEM image showing
the hexagonal cross-section of an In2O3 nanowire.

94

The crystal structure and morphology of individual In2O3 nanowires were further
characterized by TEM and HRTEM examination. The In2O3 fibrous deposits were peeled
off the Si wafer via ultrasonic vibration, and they were then dispersed in ethanol to form a
suspension. The suspension was then dropped onto a holey carbon grid for TEM analysis.
Fig. 5.2(a) shows a single straight In2O3 nanowire with a diameter of about 40 nm. Energy
dispersive X-ray analysis (EDX) was performed on an individual In2O3 nanowire, revealing
that the nanowire consists of only the elements In and O, with a ratio of In : O of 41% :
59%, which is close to the In2O3 stoichiometry. Fig. 5.2(b) shows the bending contour
under an electron beam of a ribbon-like In2O3 nanostructure with a width of 40 nm. Based
on a previous report, directly evaporating In2O3 at 1400 ºC can yield a majority percentage
of nanobelts [123]. Through both SEM and TEM observation, we found that there are 10%
nanobelts formed among the deposited In2O3 nanowires in our carbon thermal reduction
process. Fig. 5.2(c) shows a branched L-shaped In2O3 nanowire with an Au particle at one
end. EDX analysis performed at the dark dot confirmed the Au element. The presence of
the Au catalyst at the ends of nanowires indicated that the growth of In2O3 nanowires
follows the vapor-liquid-solid (VLS) mechanism. A lattice image of the interface between
the Au catalyst and the In2O3 nanowire is further shown in Fig. 5.2(d), which clearly
elucidates the intimate connection between the Au catalyst and the In2O3 nanowire. This is
the first time that the formation of complex branched L-shaped In2O3 nanowires has been
reported. It seems that this In2O3 nanowire grew along one direction, then suddenly turned
at 90º and continued to grow perpendicularly to the previous direction. The mechanism
governing such complicated growth is unknown. Nevertheless, the synthesis of branched
nanowires will be very important for fabricating complex heterostructures and nanoscale
devices.
95

Figure 5.2 (a) TEM image of a straight In2O3 nanowire. (b) TEM image of a ribbon-like
In2O3 nanowire with a bending contour. (c) TEM image of a branched In2O3 nanowire with
an Au nanoparticle at one end. (d) HRTEM image of the interface of Au – In2O3.
Selected area electron diffraction (SAED) on a single In2O3 nanowire demonstrated a single
crystalline cubic (bcc) structure (as shown in Fig. 5.3(a)). The SAED pattern collected
along the [001] zone axis indicated that the In2O3 nanowires were growing along the [010]
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direction. Fig. 5.3(b) further shows the HRTEM image of an In2O3 nanowire. It reveals the
lattice fringes of (400) planes, which are perpendicular to the nanowire growth axis [010]
direction. The d-spacing of the In2O3 nanowire (400) lattice plane is 2.50 Å. The presence
of Au nanoparticles at the ends of In2O3 nanowires directly proves the VLS growth
mechanism [166]. In our carbon thermal reduction process, several steps towards the
growth of In2O3 nanowires may be involved. Firstly, In2O3 powders react with carbon,
producing In and CO or CO2. Simultaneously, indium is evaporated and transported by the
flowing gas. At a high temperature, when the indium vapor atoms come into contact with
Au on the Si substrate, they form a liquid Au-In eutectic alloy. Because the carrier gas
contains 5% O2 and indium can form a strong covalent bond with oxygen, indium will be
oxidized to In2O3, resulting in the continuous growth of In2O3 nanowires.
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Figure 5.3 (a) TEM image of a single In2O3 nanowire with a diameter of 40 nm. The inset
is the SAED pattern recorded along [001] zone axis. (b) HRTEM image of In2O3 nanowire
lattice.
Photoluminescence (PL) spectra of the bulk In2O3 crystalline powders and the as-deposited
In2O3 nanowires were collected both at room temperature and at low temperature. The
excitation source was a 325 nm He-Cd laser with a power density of 4 mWcm-2. Contrary
to the previous reports [167, 168], it was not possible to observe any luminescence at room
temperature, either for the In2O3 powders or for the In2O3 nanowires. However, a strong red
luminescence emission was detected at 680 nm for In2O3 powders and 670 nm for In2O3
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nanowires at 10 K, which correspond to 1.80 eV and 1.85 eV, respectively. The PL spectra
of In2O3 powders and nanowires are shown in Fig. 5.4. We noted that the PL emission
intensity of In2O3 nanowires is almost 10 times that of In2O3 powders. It is generally
regarded that In2O3 is an n-type semiconductor due to oxygen deficiency caused by the
various synthetic processes. Although the PL emission mechanism of In2O3 is not very
clear so far, it has been widely recognized that the oxygen vacancies act as donors and
induce PL emission under photon excitation [169, 170]. In2O3 has an oxygen deficient
fluorite structure with one-fourth of the anions missing in an ordered way [171]. Different
synthetic routes may lead to varied oxygen vacancies. The lack of PL emission from the asprepared In2O3 nanowires at room temperature indicates that there could be only a small
amount of oxygen vacancies present in the In2O3 nanowires prepared by the CVD process
under an oxidizing synthetic atmosphere (5% O2). The visible red PL emission of In2O3 at
10 K is similar to that of In2O3 thin films that exhibited orange emission at 637 nm [172].
Since the diameters of the In2O3 nanowires are much larger than the Bohr radius of In2O3
(2.14 nm), quantum-confinement effects can be excluded. Therefore, the observed PL
emission could be attributed to a small amount of oxygen vacancies in the In2O3 nanowire
crystal structure.
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Figure 5.4 Photoluminescence spectra of (a) In2O3 crystalline powders, (b) as-prepared
In2O3 nanowires. The PL spectra were recorded at 10 K with the excitation at 325 nm.

100

The gas sensing measurements on the In2O3 nanowires were conducted to test their
sensitivity towards ethanol and ammonia gases in air at 250 ºC under relative humidity (RH)
= 40-50%. As-prepared nanowires were fabricated into gas sensors by a thin film technique
(see Section 3.3.2). Fig. 5.5(a) displays the real-time sensitivities towards ethanol. When
the target gas was injected, the resistance of the gas sensor decreased, and when the target
gas was released, the gas sensor recovered. (The sensitivities (Rair/Rgas) increased and
decreased, respectively.) These behaviors are consistent with the n-type semiconducting
nature of In2O3. It may be accepted from the results that In2O3 nanowire gas sensors can be
used for purposes that require high sensitivity at low gas concentration, that is, 10 ppm.
Furthermore, its other features, such as short response and recovery time, and stability
under repeated tests, make them a promising candidate for nanoscale gas sensors. However,
the responses did not change very much as gas concentrations increased at high
concentrations. This may be due to a restricted number of active sites, due to the large
lateral diameter and small amounts of oxygen vacancies on nanowires surfaces. Another
gas sensing test on ammonia is shown in Fig. 5.5(b). This result only indicates the In2O3
nanowires can detect ammonia, but the sensitivity and the stability are not as good as for
ethanol. In2O3 nanowires may have selectivity in detecting ethanol and ammonia gases.
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Figure 5.5 Gas sensing and recovery of In2O3 nanowires to (a) ethanol gas and (b)
ammonia gas.
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5. 4

Summary

Semiconductor In2O3 nanowires can be synthesized on a large scale via a carbon thermal
reduction process. HRTEM analysis confirmed that the In2O3 nanowires grow
preferentially along the [010] direction and follow the VLS growth mechanism. Complex,
branched, L-shaped In2O3 nanowires were also observed, which could assist in synthesizing
branched semiconductor nanowires. We have detected visible red PL emission at low
temperature for as-prepared In2O3 nanowires. In2O3 nanowires exhibit a moderate
sensitivity to ethanol gas.
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6. Gallium oxide (β-Ga2O3) nanostructures: nanowires,
nanoribbons, and nanosheets via carbothermal CVD
6.1

Introduction

Gallium oxide is an important wide band gap (Eg = 4.9 eV) semiconductor material. In
particular, monoclinic gallium oxide (β -Ga2O3) has excellent chemical and thermal stability.
Its n-type conduction is achieved when it is synthesized under reducing conditions, due to
the oxygen vacancies which acts as shallow donors [173].

β-Ga2O3 has various

technological applications, such as transparent conducting oxides, optical emitters for
ultraviolet radiation, flat-panel displays, spin tunneling junctions, and high temperature gas
sensing [174-176]. β-Ga2O3 1D nanostructures have been synthesized by a variety of
techniques, such as arc discharge of GaN [177], thermal oxidation of GaN [178], laser
ablation of Ga2O3 target [179], and microwave plasma chemical vapor deposition
(MPCVD) [180]. In general, two mechanisms have been proposed to govern the growth of
Ga2O3 1D nanostructures. The first is the vapor-liquid-solid (VLS) mechanism, in which
extrinsic or intrinsic catalytic metal nanoparticles generate energetically favorable sites to
confine and direct the growth along one direction. The second relies on the vapor-solid
(VS) process, involving the formation of several gallium suboxide species [124]. It is
important to achieve the synthesis of gallium oxide 1D nanostructures in a controllable
manner to obtain the desired physical properties.
The aim of this chapter is a facile synthesis of β-Ga2O3 1D nanostructures by a combination
of carbothermal reduction and chemical vapor deposition (CVD). The influence of the
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growth conditions on the morphologies of Ga2O3 1D nanostructures are explored
systematically. The measurements of gas sensing properties are not included in the results
because the high temperature gas sensing feature could not be realized at low temperature
using the laboratory facility, even by control of the morphology with size reduction.

6.2

Experimental

Gallium oxide (Ga2O3, 99.99% Aldrich) and carbon black were mixed with a molar ratio of
1:1. The mixed powders were placed in an alumina boat, which was introduced into a
quartz tube reactor with 3 independent temperature zones. The Si wafer and quartz
substrates were placed at different distances downstream from the source materials. During
the chemical vapor deposition, the temperature of the Ga2O3 source was set at 1000 °C, and
the substrate at 800 – 900 °C. The reaction chamber was initially evacuated and then a
mixed gas (90% Ar + 10% O2) was introduced at a flow rate of 100 – 200 SCCM (standard
cubic centimeters per minute) for 1 hour, during which the whole reactor chamber was
maintained at the vacuum pressure of 300 Torr. After cooling down, the white-colored,
wool-like, fluffy product was deposited on the Si substrates, in both the high temperature
zone (900 °C) and the medium temperature zone (800 °C).
For the characterization, the deposited Ga2O3 layers were peeled off from the substrate via
ultrasonic vibration. The phase, morphologies, and crystal structures of the Ga2O3 deposits
were examined using X-ray diffraction (XRD, Philips 1730 X-ray diffractometer), field
emission scanning electron microscopy (FESEM, JEOL JSM-6700F), and transmission
electron microscopy (TEM) and high resolution TEM (HRTEM, JEOL 2011). The optical
properties of the Ga2O3 1D nanostructures were characterized by Raman spectroscopy
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(Jobin Yvon HR800 confocal Raman system with 632.8 nm diode laser excitation on a 300
lines/mm grating) and UV-vis spectroscopy (UV1700, Shimadzu).

6.3

Results and Discussion

Morphologies of the as-deposited gallium oxide products were observed by FESEM and
are shown in Fig. 6.1. Fig. 6.1(a) exhibits high-density nanowires with lengths extending
from several tens to several hundreds of micrometers. The gallium oxide nanowires were
collected from the Si substrates positioned in the 900 °C temperature zone. In contrast,
gallium oxide nanosheets were formed on the bare quartz substrates positioned in the
800 °C temperature zone (as shown in Fig 6.1(b)). Large-size Ga2O3 nanosheets in the
range of several tens of square micrometers can be observed. Gallium oxide nanoribbons
were harvested on Si substrates in the same 800 °C temperature zone. Chemical
microanalysis was performed on both nanowires and nanosheets by using energy dispersive
X-ray spectroscopy (EDX), which indicated that the composition of the as-deposited
nanostructures was Ga2O3.
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Figure 6.1 FESEM images of (a) β -Ga2O3 nanowires, (b) β -Ga2O3 nanosheets.
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Figure 6.2 X-ray diffraction spectra of β -Ga2O3 crystalline powders, nanosheets, and
nanowires.
The phase identities of the deposited products were determined by X-ray diffraction. Fig.
6.2 shows the XRD patterns of β-Ga2O3 powders, nanowires, and nanosheets. All
diffraction lines can be indexed to a monoclinic (S.G. C2/m) β-Ga2O3 crystal structure
without any other impurities. There is no shift of the diffraction line positions for any of the
three samples with different morphologies. However, the intensities of individual
diffraction peaks for different samples are significantly varied. The (002) and (111)
diffraction peaks show high intensity for both β-Ga2O3 crystalline powders and nanowires.
However, the (110) peaks in the β-Ga2O3 nanosheets exhibited the highest intensity, and
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the other diffraction peaks are weak and diminished. The (110) diffraction peaks originate
from the [110] crystal planes. β-Ga2O3 nanosheets have areas of a few tens of square
micrometers and cover the surface like a thin film. Therefore, the XRD pattern of the βGa2O3 nanosheets is very similar to those collected from textured thin films [181].

Figure 6.3 (a) TEM image of a β -Ga2O3 nanowire with microtwins, (b) SAED pattern of
the nanowire twin structure.
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The detailed crystal structures of β-Ga2O3 1D nanostructures were further analyzed by
TEM, HRTEM, and selected area electron diffraction (SAED). Fig. 6.3(a) shows a TEM
image of a single gallium oxide nanowire with a diameter of 25 nm. The stripe textures are
clearly visible, indicating microtwins in this Ga2O3 nanowire. Fig. 6.3(b) shows the
corresponding SAED pattern collected along the [111] zone axis, through which the growth
direction of the nanowire was identified as along the [ 1 1 2 ]* direction. The streaking in
the diffraction pattern is due to the small thickness of the microtwins. The streaking
direction is perpendicular to the twin boundaries and along the [ 312 ]* direction. Thus the
( 312 ) plane is the twin plane. The nanowire is composed of the alternating [111] and [ 1 11 ]
microplates. The [111] zone axis of one half of the crystal microplates was parallel to the
electron beam direction, and the [ 1 1 1 ] zone axis of the twin microplates was also parallel
to the electron beam direction. The split diffraction spots on the left and right sides in Fig.
6.3(b) represent ( 1 1 2 ) ( 1 1 2 )t and ( 112 ) ( 11 2 )t planes, respectively. The other
diffraction spots of the crystal planes and their twin planes overlap, and these have been
indexed in Fig. 6.3(b).
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Figure 6.4 TEM image of a zigzag β -Ga2O3 nanowire (nanosaw) structure. The inset is a
magnified view of the sawtooth structure.
Fig. 6.4 shows a zigzag nanosaw structure among the gallium oxide nanowires collected
from the high temperature zone. A magnified view of the sawtooth structure is shown as the
inset to Fig.6.4. The zigzag nanosaw structure is different from that previously reported as
gallium oxide zigzag nanoropes, which was prepared by subliming a mixture of Ga2O3 and
GaN at 1200 °C [182]. Our gallium oxide zigzag nanostructure is more like a nanosize saw
with homogeneously distributed saw teeth on both sides. The formation of such a zigzag
gallium oxide nanosaw structures could have originated from the defect-driven crystal
growth mechanism of Ga2O3 nanowires. As indicated in ref. [182], oxygen deficiency in
Ga2O3 may cause the disordered connection of octahedral chains, inducing faults along the
a and c axes, and eventually forming the zigzag structure.
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Figure 6.5 (a) TEM image of β-Ga2O3 nanoribbons under low magnification. (b) HRTEM
image of nanoribbon 1 marked in (a). (c) Electron diffraction pattern of nanoribbon 1. (d)
HRTEM image and electron diffraction pattern of nanoribbon 2 marked in (a).
The crystal structures of the β-Ga2O3 nanoribbons were systematically examined by TEM
and HRTEM analysis. Fig. 6.5(a) shows a general view of β-Ga2O3 nanoribbons harvested
from the medium temperature zone of 800 °C. The majority of the nanostructures are
nanoribbons. Gallium oxide nanoribbons were well dispersed during the TEM preparation
process. Among them, a few triangle-shaped nanosheet-like structures are also present. We
randomly chose two nanoribbons marked by circles as 1 and 2 for HRTEM and SAED
analysis. The HRTEM image and corresponding SAED pattern for nanoribbon 1 are shown
in Fig. 6.5(b) and (c). Atomically resolved lattice images of β-Ga2O3 nanoribbons are
presented. In Fig. 6.5(b), the ( 202 ) planes have an interplanar spacing of 0.234 nm parallel
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to the [ 0 1 0 ]* nanoribbon growth direction. The SAED pattern was recorded along the
[ 1 01 ] zone axis. The diffraction spots with strong intensity are believed to be from the
[ 1 01 ] crystal zone of the β-Ga2O3 nanoribbon, representing zero-order Laue zone
reflection. Extra weak diffraction spots between the bright diffraction spots are due to the
first order Laue zone reflections of the thin β-Ga2O3 nanoribbon [178]. Fig. 6.5(d) shows
the HRTEM image of nanoribbon 2, the SAED pattern of which was recorded along the
[101] zone axis. The growth direction of nanoribbon 2 is along the [010]* direction, which
is parallel to the ( 202 ) lattice planes. Nanoribbon 2 is enclosed by ( 1 01 ) and ( 10 1 ) side
surfaces.
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Figure 6.6 (a) Low magnification TEM view of the mixture of β -Ga2O3 nanoribbons from
the second batch. (b) TEM image of a β -Ga2O3 nanoribbon with the growth direction along
the [ 1 1 0 ]* direction. (c) Electron diffraction pattern of nanoribbon shown in (b). (d)
HRTEM image of β -Ga2O3 nanoribbon in (b).
Fig. 6.6(a) contains a TEM image of β-Ga2O3 nanoribbons from another preparation batch.
The Ga2O3 nanoribbon marked in Fig. 6.6(a) with a square was rotated, and its magnified
TEM image is shown in Fig. 6.6(b), indicating that it has a width of about 80 nm. Its SAED
pattern was recorded along the [110] zone axis (Fig. 6.6(c)), from which the interplanar
angle between the ( 1 1 0 ) crystal planes and the (00 1 ) planes was determined to be 86.6 °.
The growth direction of this nanoribbon was determined to be along the [ 1 1 0 ]* direction.
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The lattice-resolved HRTEM image of this nanoribbon is presented in Fig. 6.6(d). The
(001) crystal planes have a d-spacing of 0.56 nm and 3.4° with the growth direction being
[ 1 1 0 ]*.

Figure 6.7 HRTEM image of a β -Ga2O3 nanosheet. The inset is the corresponding electron
diffraction pattern recorded along the [111] zone axis.
Fig. 6.7 shows an atomically resolved HRTEM image of a Ga2O3 nanosheet and its
corresponding electron diffraction pattern collected along the [111] zone axis. The asdeposited Ga2O3 nanosheets are single crystalline, without defects and dislocations. We
measured the distance between the ( 1 1 0 ) planes to be 0.29 nm and that between the ( 202 )
planes to be 0.28 nm, which match well with the values from the ICSD database. We also
determined the angle between the ( 1 1 0 ) and ( 202 ) crystal planes to be 93.3 °, as shown in
the SAED pattern in Fig. 6.7.
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For controlled growth, the synthesis of Ga2O3 1D nanostructures could be subjected to the
following reaction procedures [183, 184]. Firstly, the Ga2O3 source is reacted with carbon
black powders to form Ga2O or Ga vapor at the high processing temperature of 1000 °C.
Then, the vapor phase is cooled down and deposited on substrates as Ga2O3 nanostructures.
Evaporation:

or

Deposition:

or

Ga2O3 (s) + 2C (s) → Ga2O (g) + 2CO (g)

(6.1)

Ga2O3 (s) + 3C(s) → 2Ga (g) + 3CO (g)

(6.2)

Ga2O (g) + O2 (g) → Ga2O3 (s)

( 6.3)

4Ga (g) + 3O2 (g) → Ga2O3 (s)

( 6.4)

Compared to direct thermal evaporation [178, 182], the carbon thermal reduction approach
can lower the heating temperature by about 200 °C. This technique also makes it possible
to avoid the use of expensive organometallic precursors [185]. In addition, Ga2O3
nanowires, nanoribbons, and nanosheets simultaneously were yielded in different
deposition temperature zones, which could be due to the influence of different growth
mechanisms. It was found that microtwin structures exist along the growth direction in
Ga2O3 nanowires.
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Figure 6.8 Uv-vis spectra from suspensions of β -Ga2O3 nanoribbons and nanowires;
arrows mark the steepest absorption edge, at which the band gaps were determined.
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Figure 6.9 Raman spectra of β-Ga2O3 nanowires and crystalline powders.
The band gaps of as-prepared β-Ga2O3 nanowires and nanoribbons were determined from
UV-vis absorption spectroscopy. Ga2O3 nanowires and nanoribbons were each diluted by a
factor of 20 in absolute ethanol to form a homogeneous suspension and then transferred to
Teflon-stopped quartz cuvettes for absorption spectroscopy measurements. Fig. 6.8 shows
the UV-vis absorption spectra of β-Ga2O3 nanoribbons and nanowires. The band gaps were
calculated based on the steepest absorption edge in the UV-vis spectra. We found that βGa2O3 nanowires and nanoribbons both exhibit the same band gap of 4.77 eV (260 nm),
which is slightly smaller than that of perfect single crystals (4.9 eV, 253 nm). This
represents a redshift of 7 nm (0.13 eV) for the nanowires and nanoribbons, possibly caused
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by defects in the crystal structures [186]. The optical properties of β-Ga2O3 nanowires were
further characterized by Raman spectroscopy. Fig. 6.9 shows Raman spectra of β-Ga2O3
nanowires and crystalline powders. The main Raman vibration bands at 201, 417, 631, 653,
and 767 cm-1 are clearly visible, and these are characteristic of bulk β-Ga2O3. The positions
of the Raman shift peaks for nanowires match well with those for crystalline powders and
also are consistent with a previous report [187]. The Raman shift at 477 cm-1 for the
crystalline powders noticeably disappeared for the nanowires. Instead, a new Raman shift
peak at 527 cm-1 appeared for the nanowires. This could have been induced by surface
stress or point defects in the nanowires [188].

6.4

Summary

Gallium oxide (β-Ga2O3) 1D nanostructures such as nanowires, nanoribbons, and
nanosheets can be conveniently prepared by a carbon thermal reduction CVD technique.
All of these 1D nanostructures are single crystalline in nature, which has been confirmed
via HRTEM and SAED analysis. We obtained β-Ga2O3 nanowires from the 900 °C
temperature zone on Si substrates, where growth was governed by the VLS mechanism,
nanoribbons from the 800 °C temperature zone on Si substrates, and nanosheets from the
800 °C temperature zone on quartz substrates. We also observed zigzag nanosaw structures
among the nanowires. The results from UV-Vis spectroscopy show that the band gaps of βGa2O3 nanowires and nanoribbons are redshifted by 0.13 eV.
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7. Flutelike porous hematite nanorods and branched
nanostructures for gas-sensors
7.1

Introduction

Hematite (α-Fe2O3) is the most stable iron oxide under ambient conditions, with nontoxicity, low cost, high resistance to corrosion, and environmentally-friendly features. It has
been intensively investigated due to its promising applications in gas sensors, rechargeable
lithium-ion batteries, catalysts, magnetic devices, photo-anodes for efficient water splitting
by sunlight, waste-water treatment, pigments, and in various biological and medical fields
[139, 189-195]. Various α-Fe2O3 micro- and nano-structures, such as dendritic micro-pines,
3D flowerlike architectures, urchin-like superstructures, nanospheres, nanorods, nanowires,
nanotubes, nanobelts, and nanorings, have been reported [196-205].
Branched inorganic nanostructures, including tripods, tetrapods, and other multipods,
have recently attracted much attention owing to their unique anisotropic crystal growth,
novel properties, and

potential applications [206-209]. To date, multipod-like

nanostructures have been observed in many inorganic materials with different
crystallographic structures. For example, a group of II-VI semiconductors having both the
zinc-blende and wurtzite structures, such as CdS, CdSe, CdTe, MnS, ZnS, and ZnO, can
form multipod-like nanostructures under the proper conditions [210-215], due to the
different anisotropic growth rates of the zinc-blende and wurtzite structures during the
nucleation and growth processes. It has been determined that the branched multipods are
initially nucleated in the zinc-blende structure, and then grow anisotropically into multi-tips
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with wurtzite structure [210-212]. Moreover, some other groups have found that the noble
metals [216-218] and rock salt-phase PbS, PbSe, and MnO [219-221] with highly
symmetric crystal structures could also be grown as multipods. In this case, capping agents,
such as cetyltriethylammonium bromide (CTAB) or poly(vinyl pyrrolidone) (PVP), were
employed in the solution synthesis and were selectively absorbed on different nucleated
crystal surfaces, thus controlling their crystal surface growth rates and producing the
branched morphologies [216-221]. However, it still remains a challenge to fabricate
branched forms of other inorganic materials such as ferromagnetic or ferroelectric oxides
with unique functionalities.
In this chapter, we report the synthesis of α-Fe2O3 bamboo flute-like porous nanorods
and hexapod-like nanostructures via a surfactant-free hydrothermal process with
subsequent calcination of the hydrothermally obtained precursors. The microstructures of
the flutelike porous nanorods and hexapods were analyzed by transmission electron
microscopy (TEM), high-resolution TEM (HRTEM), and selected area electron diffraction
(SAED). It was found that the arms of a hexpod-like nanostructure and individual nanorods
have the same growth direction of <110>. Furthermore, the unique porous and multipodlike nanostructures of the as-prepared α-Fe2O3 were expected to endow it with enhanced
performance. We measured the magnetism and gas-sensing performance of the as-prepared
α-Fe2O3 nanostructures. Magnetic measurements revealed weak ferromagnetic behavior at
room temperature, with much lower Morin transition temperatures than for bulk materials.
We found that zero-field-cooled (ZFC) and field-cooled (FC) magnetizations of the assynthesized α-Fe2O3 nanostructures under an applied field of 500 Oe exhibited two different
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Morin temperatures. Moreover, the as-synthesized α-Fe2O3 nanostructures show excellent
sensing performance towards some flammable, toxic, and corrosive gases.

7.2

Experimental

Flute-like porous α-Fe2O3 nanorods and branched nanostructures were synthesized as
described in Section 3.1.3.1
The as-prepared samples were characterized by X-ray diffraction (XRD, Cu Kα radiation,
Philips 1730), scanning electron microscopy (SEM, JEOL 6460), TEM, and HRTEM
(JEOL 2011). Magnetic properties were measured using a Quantum Design MPMS XL
SQUID magnetometer. Gas sensing measurements were carried out on a WS-30A system.

7.3

Results and Discussion

The α-Fe2O3 porous nanorods and branched nanostructures were synthesized by
dehydration and recrystallization of β-FeOOH precursor, which was obtained from the
hydrothermal reaction of FeCl3 with urea in an aqueous solution, as described in Equations
(7.1-3). Fig. 7.1 shows the XRD patterns of the precursor and the final product. All the
diffraction peaks of the hydrothermally obtained precursor (pattern (a)) can be indexed to
tetragonal β-FeOOH (JCPDS Card No. 34-1266). After being heated in air at 500 oC for 5 h,
the precursor was completely converted to pure rhombohedral phase α-Fe2O3 (pattern (b),
JCPDS Card No. 33-0664). From Equation (7.3) one can see that the conversion of βFeOOH to α-Fe2O3 is a solid-state reaction, and only pure Fe2O3 is left as the final product,
because the H2O produced runs away as vapor. So, this strategy is a relatively

122

environmentally friendly chemical synthetic route for large-scale preparation of α-Fe2O3
nanostructures.
NH2CONH2 + 3H2O → 2NH3·H2O + CO2

(7.1)

FeCl3 + 3NH3·H2O → FeOOH + 3NH4Cl + H2O

(7.2)

2FeOOH → Fe2O3 + H2O

(7.3)

Figure 7.1 XRD patterns of the as-prepared β-FeOOH precursor (a) and α-Fe2O3
nanostructures (b).
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Figure 7.2 Morphology of the as-synthesized α-Fe2O3 nanostructures: (a) TEM image
giving an overall view; the inset is the ED pattern taken from the whole area, and the
frames indicate typical multipod-like structures; (b) aligned porous nanorod bundles; (c)
single flutelike porous nanorod; the inset is the corresponding SAED pattern; (d) hexapod
nanostructures; (e) pentapod nanostructure.
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The morphology of the as-prepared nanostructures was characterized by TEM and HRTEM.
Fig. 7.2(a) shows a low magnification TEM image of the final product. The inset contains
the electron diffraction (ED) pattern, which was taken from the whole area, where the
diffraction ring indicates the polycrystalline nature of α-Fe2O3 and is highly consistent with
the XRD results. It is obvious that the as-prepared α-Fe2O3 was composed of porous
nanorods and multipod-like nanostructures, such as those marked with frames. The
nanorods have diameters of 60 - 80 nm and lengths of 400 - 900 nm; while the branched
nanostructures have five or six arms symmetrically distributed. Under higher magnification
(Fig. 7.2(b)) we can see that the porous nanorods tend to organize themselves in a parallel
alignment owing to weak van der Waals attraction. An individual nanorod was further
magnified and is shown in Fig. 7.2(c), demonstrating its flutelike structure with a nearly
hollow cavity and porous wall. The size of the pores in the wall is in the range of 30 – 50
nm. This porous network is believed to favor gas sensing. The clear spots in the SAED
pattern (the inset in Fig. 7.2(c)) reveal the single crystalline nature of the individual αFe2O3 nanorod, with a growth direction of <-110>. Apart from the porous nanorods, some
branched nanostructures were also observed. Fig. 7.2(d) and (e) show typical hexapod and
pentapod nanostructures, respectively. The six arms of a hexapod are distributed
octahedrally with a fourfold axis of symmetry, while the five arms of a pentapod are
aligned like a tetragonal pyramid. The diameters and lengths of the arms in both kinds of
branched nanostructures are equivalent to those of individual nanorods.
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Figure 7.3 Microstructure of the hexapod nanostructure: (a) TEM image of a tilted αFe2O3 hexapod nanostructure; (b) tip of the arm circled in (a), with the inset showing the
corresponding SAED pattern; (c) HRTEM image of (b); (d) HRTEM image of the lower
circled area in (a), showing the point where two arms join with a dihedral angle of 69.5 oC.
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The formation of the branched multipod-like nanostructure for hematite α-Fe2O3 is of
considerable interest. Fig. 7.3(a) shows the TEM image of a tilted hexapod. It was found
that the branched structure is also porous, due to dehydration of the precursor during the
heating process. The tip of one arm (marked with a circle in Fig. 7.3(a)) was brought into
focus, as is shown in Fig. 7.3(b), along with the corresponding SAED pattern, indicating its
single crystalline nature with a growth direction of <110>, which is the same as that of the
straight nanorod. The corresponding HRTEM image (Fig. 7.3(c)) shows regular lattice
fringes with a spacing of 0.25 nm, which is highly consistent with the d value of the (110)
plane. The point where two arms join (marked with a circle in Figure 3(a)) was further
analyzed by HRTEM (Fig. 7.3(d)). The distinct lattice fringes in both arms and the core of
the joint reveal unambiguously that the hexapod nanostructure is a single crystal in essence
and that the growth directions of both arms are in the <110> direction. There is a dihedral
angle of 69.5o between the two arms.
The addition of urea and the hydrothermal treatment played an important role in obtaining
the α-Fe2O3 branched nanostructures. If FeCl3 was hydrothermally treated without addition
of urea, irregular aggregates were obtained. When the solution of FeCl3 and urea was
refluxed at 120 oC for 10 h, the product was composed of needle-like particles and irregular
aggregates (not shown here), which indicates that the addition of urea could promote, to a
certain extent, the growth of one-dimensional shapes. Here, urea may have a similar role to
that of some inorganic salts in the preparation of 1D nanomaterials [198, 199]. Compared to
other inorganic salts, the hydrolysis products of urea are CO2 and NH3, as indicated in
Equation (7.1), and thus do not introduce any impurities into the target materials. So, it was
possible to combine the advantages of the hydrothermal technique with the slow release of
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ammonia by the decomposition of urea to control the hydrolysis of Fe3+ and the
crystallization of the resulting β-FeOOH precursor, and the finally synthesized α-Fe2O3
nanostructures, though calcination of the iron oxyhydroxide precursor.
The magnetic properties of hematite in the bulk form and on the nanoscale have been
intensively investigated, owing to their diverse applications in magnetic storage devices,
spin electronics devices, drug delivery, tissue repair engineering, and magnetic resonance
imaging [191, 222, 223]. Bulk α-Fe2O3, besides the Néel temperature (TN = 955 K), has a
first-order magnetic transition at 263 K, which is called the Morin transition, and the
corresponding temperature is termed the Morin transition temperature (TM). Below TM, the
antiferromagnetically (AF) ordered spins are oriented along the c-axis. Above TM, the AF
spins lie in the basal plane of the crystal with a slight canting away from the plane. This
canting results in a weak ferromagnetism [222, 223]. However, the α-Fe2O3 nanoparticles
can exhibit antiferromagnetic, ferromagnetic, and superparamagnetic behavior, depending
strongly on the size, shape, porosity, and the preparation conditions of the materials [191,
222, 223]. Owing to the unique porous and branched nanostructures of the prepared αFe2O3 samples (Figs. 7.2 and 7.3), it is worthwhile to investigate their magnetic behavior.
The temperature dependence of magnetic moments for the as-synthesized α-Fe2O3
nanostructures under zero-field-cooled (ZFC) and field-cooled (FC) conditions from T = 20
to 300 K are shown in Fig. 7.4(a). A field of 500 Oe was applied, and the sample was
cooled or warmed with a sweep rate of temperature across the transition of 0.2 K/min. A
sharp decrease in magnetization was observed at 252 oC for ZFC conditions, which is
characteristic behavior for α-Fe2O3. In contrast to the bulk counterpart, the Morin
temperature for the FC and ZFC conditions differed notably in the temperature range
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studied. Although TM is reported to depend on the specific shape, size, and porosity of the
nanoparticles [198], its value has always been the same for FC and ZFC measurements. It
is interesting that the ZFC and FC branches of our samples have different Morin
temperatures, which were determined from the sharp peaks in the corresponding differential
curves as 245 K and 233 K, respectively (inset in Fig. 7.4(a)). We suggest that surface spins
in the nanorods and branched nanostructures re-orient themselves upon thermal (field)
cycling, inducing a different interaction ratio for in-plane and out-of-plane interactions,
owing to their shape anisotropy and magnetocrystalline anisotropy. To better understand
the effects of the shapes on the magnetism of α-Fe2O3 nanostructures, further investigations
should be performed.
The field dependence of the magnetization at 273 K (Fig. 7.4(b)) confirms the weak
ferromagnetism above TM. The coercive field at 273 K of 0.71 T is larger than that of
spherical hematite. This might be a result of both the shape anisotropy and the
magnetocrystalline anisotropy of the porous and branched α-Fe2O3 nanostructures, which
exert an influence on their magnetic properties. Furthermore, at lower temperatures, for
example at 210 K and 10 K, these materials still show hysteresis loops that are indicative of
the presence of ferromagnetic components (inset in 7.4(b)).
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Figure 7.4 Magnetic behavior of the as-prepared α-Fe2O3 nanostructures: (a) temperature
dependences of ZFC and FCC magnetization for an applied field of 500 Oe. The inset
shows the corresponding differential ZFC and FCC curves. (b) Magnetic hysteresis loops
at 273, 210, and 10 K. The inset shows an enlargement of the lower magnetic field region.
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Figure 7.5 Real-time ethanol sensing characteristics of sensors based on the prepared αFe2O3 nanostructures and on commercial Fe2O3 powder.
A gas sensor was fabricated by depositing the as-synthesized α-Fe2O3 nanostructures as a
thin film on a ceramic tube with previously printed Au electrodes and Pt conducting wires.
The working temperature of the sensor can be controlled by adjusting the heating voltage
(Vheating) across a resistor inside the ceramic tube. A reference resistor is put in series with
the sensor to form a complete measurement circuit (referring to Section 2.5.2). In the test
process, a working voltage (Vworking) was applied. By monitoring the voltage (Voutput) across
the reference resistor, the response of the sensor in air or in a test gas can be measured. For
comparison, a sensor was also fabricated from commercial Fe2O3 powder in the same way.
Fig. 7.5 displays the response characteristics towards ethanol of the sensors based on the as-
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synthesized α-Fe2O3 nanostructures and on commercial powder at a working temperature of
150 oC and 30% relative humidity (RH). It can be seen that Voutput values increased abruptly
on the injection of ethanol and then decreased rapidly and recovered to their initial value
after the test gas was released. From Ohm’s law, the electric resistance of the sensor
accordingly underwent a decreasing and increasing process when the test gas was turned on
and off, respectively, which is quite consistent with the sensing behavior of n-type
semiconductor sensors [224, 225]. The magnitude of the response for the sensor based on
the as-synthesized α-Fe2O3 nanostructures improved dramatically with increasing
concentration of the test gas and was always higher than that of the commercial powder.
This means that the Fe2O3 nanostructures are more sensitive to ethanol than the commercial
powder. After many cycles between the test gas and fresh air, the voltage of the reference
resistor and the resistance of the sensor could recover their initial states, indicating that the
sensor has good reversibility. The response time and recovery time of the nanostructurebased sensor were only 1-3 and 4-8 s, respectively. The response characteristic curves of
the sensors for other gases are similar to those for ethanol and are not shown here.
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Figure 7.6 Sensitivity of the sensors based on the as-prepared α-Fe2O3 nanostructures
(solid dots) and on the commercial powder (hollow circles) as a function of the vapor
concentration of some flammable gases: (a) ethanol, (b) acetone, (c) 92# gasoline, (d)
heptane.
Fig. 7.6(a) shows the sensitivity of the sensors based on the nanostructures and on the
commercial powder as a function of ethanol vapor concentration. It can be seen that the
sensitivity of the α-Fe2O3 nanostructures is about 5 times higher than that of the commercial
powder at 5 ppm of ethanol vapor. Furthermore, this discrepancy is much magnified with
increasing ethanol vapor concentration and reaches a tenfold extent at 1000 ppm. This
result indicates that the sensing performance of the as-prepared α-Fe2O3 nanorods and
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branched nanostructures is better than that of the previously reported polycrystalline
nanotubes [139], considering the lower preparation cost and higher sensitivity. The
improvement of the sensing performance of the present α-Fe2O3 nanostructures may be
attributed to three main aspects. In the first place, the grain size of the as-prepared nanorods
and branched nanostructures is much smaller, leading to higher specific surface area.
Secondly, the abundant pores distributed in three-dimensional space can facilitate the
diffusion of the test gas and improve the kinetics of both the reaction of the test gas with
surface-adsorbed oxygen and the replacement of the latter from the gas phase [226]. On the
other hand, the contact electronic resistance of grains should also be taken into
consideration. The high interconnectivity of the prepared single crystalline nanostructures
can enhance the transport of electrons and increase the electronic conductance.
Apart from ethanol, some other flammable and explosive gases such as acetone, 92#
gasoline, and heptane were also investigated, and the corresponding results are shown as
Fig. 7.6(b), (c), and (d), respectively. Obviously, the sensitivity of the as-synthesized αFe2O3 nanostructures was always much better than that of the commercial powder no matter
what kind of gas was tested. The sensitivity of the nanostructure sensor decreased in the
sequence of ethanol, acetone, and gasoline. However, the sensor could barely detect
heptane, even when its actual concentration was very high (for example 1000 ppm),
indicating that the α-Fe2O3 nanostructure based sensor has a degree of selectivity to
flammable and explosive gases.
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Figure 7.7 Sensitivity of the sensors based on as-prepared α-Fe2O3 nanostructures (solid
dots) and commercial powder (hollow circles) as a function of the vapor concentration of
some toxic and corrosive gases: (a) formaldehyde, (b) toluene, (c) acetic acid, (d) ammonia.
Formaldehyde (HCHO) and toluene are well known toxic chemicals and hazardous to our
health and the environment. Acetic acid and ammonia are corrosive liquids and can give off
strongly irritating gases. Therefore, efficient chemical sensors to detect these gases are
demanded. Fig. 7.7 shows the measurement results. In general, the sensing performance of
the as-prepared nanostructures is much better than that of the commercial powder. In regard
to the detection of toxic gases, the α-Fe2O3 nanostructures exhibited high sensitivity (S = 6,
Fig. 7.7(a)) to HCHO vapor, even though its concentration was very low (5 ppm). In
addition, with increasing HCHO concentration (5 − 200 ppm) the sensitivity increased
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exponentially, then linearly (200 − 1000 ppm), and reached 51 in the presence of 1000 ppm
of HCHO vapor. However, the sensor is not sensitive to toluene (Fig. 7.7(b)). As for the
corrosive and irritant gases, the sensor displays high sensitivity to acetic acid (Fig. 7.7(c)),
with S reaching as high as 192 in the presence of 1000 ppm of acetic acid vapor. Here, the
unusual high sensitivity of the sensor to acetic acid may be caused by the strong
chemisorption of acetic acid on the surface of the Fe2O3, due to the strong coordination of
carboxyl to Fe3+. In contrast, it was not sensitive to ammonia (Fig. 7.7(d)). These results
revealed that the as-prepared α-Fe2O3 nanostructures can selectively detect formaldehyde
and acetic acid with high sensitivity.
It was found that the on and off responses could be repeated after continuous measurement
for two weeks without observing any changes in the signal, illustrating the good
reversibility and stability of the α-Fe2O3 nanostructure based sensor.
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7.4

Summary

Flute-like porous α-Fe2O3 nanorods and branched nanostructures, such as pentapods and
hexapods, were synthesized by dehydration and recrystallization of hydrothermally
produced β-FeOOH precursor. TEM, HRTEM, and SAED analyses revealed that the
hexapod nanostructures have six symmetric arms with a dihedral angle of 69.5 oC. The
arms of a hexapod nanostructure grow along the <110> direction, which is the same as for
an individual porous nanorod. The as-prepared α-Fe2O3 nanostructures exhibited unique
magnetic properties, with two different Morin temperatures under FC and ZFC conditions.
The as-prepared α-Fe2O3 nanostructures show excellent sensing performance in selectively
detecting ethanol, formaldehyde, and acetic acid. These results highlight the potential
applications of the as-prepared α-Fe2O3 porous and branched nanostructures in monitoring
flammable, toxic, and corrosive gases.
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8. Porous hematite nanowires for gas sensors
8.1

Introduction

Hematite (α-Fe2O3) is the most stable iron oxide, with band gaps in the range of 1.9 – 2.2
eV (depending on the crystallinity and preparation method). α-Fe2O3 tends to be an n-type
semiconductor in the presence of oxygen vacancies. However, it can change to p-type
semiconductivity under doping due to its narrow band gap [227, 228]. The magnetic
properties of α-Fe2O3 are strongly related to its particle size, shape, and morphology. Bulk
α-Fe2O3 has a Morin transition at TM ≈ 263 K. Below TM, it is in an antiferromagnetic state
with spins aligned along the crystalline c-axis; above TM, spins are ordered
antiferromagnetically within the basal plane. The spins are canted out of the basal plane,
and this out-of-plane component of the spins is coupled ferromagnetically, making the αFe2O3 weakly ferromagnetic [229, 230]. However, the Morin temperature TM depends on
the particle size of the α-Fe2O3. Based on these unique physical properties, hematite has
many intriguing technological applications in such areas as magnetic materials, gas sensors,
catalysts, drug delivery, and biomedical therapies. α-Fe2O3 nanowires and nanobelts have
been synthesized by VS or VLS growth on Fe foil [231, 232]. α-Fe2O3 nanorods and
nanotubes have been prepared by a chemical synthesis route [198, 233]. However, it is still
a big challenge to develop a general synthesis strategy to prepare α-Fe2O3 1D
nanostructures on a large scale at low cost.
In this chapter, we report a facile and efficient synthesis technique combining the
solvothermal method and organic chains as a mediating template for preparing α-Fe2O3

138

nanowires in large quantities. The as-prepared α-Fe2O3 nanowires exhibited high gas
sensitivity towards flammable and corrosive gases when tested as nanosensors, together
with unique magnetic properties.

8.2

Experimental

α-Fe2O3 nanorods and branched nanostructures were synthesized as described in Section
3.1.3.2
Scanning electron microscopy (SEM) was performed to observe the morphologies of the
precursors and final products, using a JEOL JSM 6460A. X-ray diffraction patterns (XRD)
were recorded on a Phillips 1730 X-ray diffractometer with Cu Kα radiation. Crystal
structures were analyzed by transmission electron microscopy (TEM) and high resolution
TEM (HRTEM) on a JEOL JEM 2011. Raman spectra of α-Fe2O3 nanowires were recorded
on a JOBIN Yvon Horiba Confocal Micro Raman spectrometer model HR 800 with 632.8
nm diode laser excitation on a 300 lines/mm grating at room temperature. The band-gap
energy of α-Fe2O3 nanowires was determined via ultraviolet-visible (UV-Vis) spectroscopy,
recorded on a Shimadzu UV-1700 spectrophotometer. Magnetic measurements were
performed with a Quantum Design MPMS 5 T SQUID magnetometer.
Gas sensing properties of α-Fe2O3 nanowires were measured on a WS-30A gas sensing
measurement system. For comparison, sensors using commercial microcrystalline α-Fe2O3
powders (< 5 µm, Sigma-Aldrich) were also fabricated and tested.
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8.3

Results and Discussion

A two-step strategy was employed for the synthesis of iron oxide nanowires. Initially, Fe3+
ions were reacted with nitrilotriacetic acid (NTA) in isopropyl alcohol solvent to form
chelating compounds. Then, they were hydrothermally treated in an autoclave to form 1D
long-chain polymers, in which Fe3+ ions were bonded and anchored to amino groups or
carboxyl groups. In the second step, the (–Fe–NTA–)n long-chain ligands were heat-treated
at 350 °C to convert them to α-Fe2O3 nanowires.

Figure 8.1 (a) SEM image of FeNTA precursor nanowires, exhibiting the formation of
100% nanowire 1D nanostructures. (b) Magnified view of the precursor nanowires,
showing their smooth surface. (c) TEM image of FeNTA precursor nanowires. (d) HRTEM
image of a single FeNTA precursor nanowire, showing its amorphous nature.
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Fig. 8.1(a) and (b) show typical SEM images of the precursor nanowires and final α-Fe2O3
nanowires. A low magnification image of the precursor nanowires is shown in Fig. 8.1(a),
indicating that the products are entirely nanowires. The lengths of those precursor
nanowires extend to several tens of micrometers. The products from several different
synthesis batches exhibited the same morphology. No other morphologies, such as
nanopowders or nanoplates, were formed. This demonstrates that the current synthetic
technique can efficiently produce 100% 1D nanowires. Fig. 1(b) further shows a magnified
view of the precursor nanowires, clearly illustrating that the nanowires have a smooth
surface and a homogeneous distribution of diameters and lengths. When the electron beam
was focused on individual precursor nanowires for a few minutes at high magnification,
they were easily broken, indicating the unstable nature of the (–Fe–NTA–)n ligands under
the electron beam. Fig. 8.1(c) shows a low magnification TEM image of (–Fe–NTA–)n
precursor nanowires. They tend to stick together. Those precursor nanowires are
amorphous in nature (as confirmed by the HRTEM image shown in Fig. 8.1(d), which has a
diameter of about 120 nm).
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Figure 8.2 (a) X-ray diffraction pattern of α-Fe2O3 nanowires (b)Raman spectrum of αFe2O3 nanowires.
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After heat-treating the (–Fe–NTA–)n precursor nanowires, they were completely converted
to α-Fe2O3 nanowires. XRD and Raman spectroscopy were performed on the sintered
product to identify the phase purity. Fig. 8.2 shows the XRD pattern and Raman spectrum
of α-Fe2O3 nanowires. All X-ray diffraction lines can be readily indexed to the α-Fe2O3
phase (hematite) with a rhombohedral crystal structure (ICDD-JCPDS Card No. 33-0664).
The broad diffraction peaks indicate the nanocrystalline nature of the component crystals in
nanowires. The features of Raman spectra of α-Fe2O3 nanowires are essentially the same as
those of previously reported α-Fe2O3 micrpcrystalline powders except for the shift of their
peaks to higher frequency by 2 – 5 cm-1 (blue shift), which could be due to their
nanocrystalline nature [231]. Both the XRD pattern and the Raman spectrum confirmed the
pure phase of α-Fe2O3 nanowires.
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Figure 8.3 (a) Low magnification TEM image of α-Fe2O3 nanowires. (b) High
magnification TEM image of a single α-Fe2O3 nanowire, illustrating its porous nature. (c)
HRTEM image of an α-Fe2O3 nanowire. The inset contains the corresponding selected area
electron diffraction pattern. (d) Atomic resolution lattice image of the Fe2O3 crystal marked
with the circle in (c).
The detailed crystal structures of α-Fe2O3 nanowires were further analyzed by TEM,
HRTEM, and electron diffraction. Low magnification TEM and high magnification TEM
images of α-Fe2O3 nanowires are shown in Fig. 8.3(a) and (b), elucidating the
polycrystalline nature of the α-Fe2O3 nanowires. After sintering, the dense and smooth
precursor nanowires were converted to the porous polycrystalline α-Fe2O3 nanowire
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structure. The single α-Fe2O3 nanowire shown in Fig. 8.3(b) has a diameter of 100 nm,
indicating a slight shrinkage in the sintering process due to evaporation of organic
components. Fig. 8.3(c) presents a HRTEM image of α-Fe2O3 nanocrystals, which are
interconnected to form nanowires. The individual α-Fe2O3 nanocrystals have an average
crystal size of 4 – 5 nm. The corresponding selected area electron diffraction (SAED)
pattern is shown as the inset in Fig. 8.3(d). All diffraction rings can be readily indexed to
the rhombohedral crystal structure, confirming the α-Fe2O3 hematite phase. Fig. 8.3(d)
shows the lattice resolved HRTEM image of the α-Fe2O3 nanocrystal marked in Fig. 8.3(c),
in which two d-spacings representing the (110) and (006) crystal planes are indexed and
illustrated.
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Figure 8.4 Infrared (IR) spectra: (a) NTA and (b) FeNTA precursor nanowires.
NTA is an organic chelating agent, which itself is a tetradentate ligand. Therefore,
hexacoordinated metals, i.e. iron, can form ternary complexes with NTA. When NTA is
mixed into a FeCl3 solution, it forms the FeNTA coordination compound. Light yellow
precipitates of this compound were observed at room temperature. Under solvothermal
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conditions, those FeNTA monomers were further reacted and formed longer chain products.
The individual polymer chains could self-assemble into nanowire structures due to van der
Waals forces. The infrared (IR) spectra of NTA, the precursor nanowires, and the α-Fe2O3
nanowires are shown in Fig. 8.4. The C-H stretching frequencies induce IR bands in the
3000 – 2800 cm-1 region [234]. C-H bands for NTA were observed, but not for FeNTA
nanowires. This could be caused by the introduction of Fe3+ coordination [235]. The band
at 1716.42 cm-1 for NTA in Fig. 8.4(a) should be assigned to carboxyl groups due to the
C=O stretching vibration. On chelating, this C=O band disappears, as in Fig. 8.4(b). Instead,
coordinated carboxyl bands at 1681.71 cm-1 and 1581.42 cm-1 appeared, indicating the
formation of –COOFe coordination groups [236 ].
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The total weight loss of the precursor nanowires in heat treatment was determined to be
68.2 wt% by thermogravimetic analysis (TGA, Fig. 8.5). This value is very close to the
calculated value (67.25 wt.%) based on the molecular formula of N(CH2COO)3Fe,
suggesting one chelating NTA per unit. The corresponding DTA curve is also presented in
Fig. 8.5. There are two exothermic peaks at 233 °C and 268 °C respectively, which are
related to the decomposition and burning of organic NTA in FeNTA precursor nanowires.
Fig. 8.6 shows the UV-Vis optical absorption spectrum of the α-Fe2O3 nanowires. The band
gap of hematite varies in the range of 1.9 – 2.2 eV, depending on its crystal size and the
preparation technique. The band gap, Eg, can be calculated by Equation 3.3 (see Section
3.2.6.1). The (αhν)2 versus hν curve is shown as the inset in Fig. 8.6, from which the band
gap of α-Fe2O3 nanowires was determined to be 2.46 eV by extrapolating Equation 3.3.
This indicates a blue shift of 0.26 – 0.56 eV. Such a substantial band-gap increase may be
ascribed to the quantum confinement due to small crystal size of α-Fe2O3 nanowires [233].
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Figure 8.7 Magnetic properties of the as-prepared α-Fe2O3 nanowires: (a) Temperature
dependences of the ZFC and FCC magnetic moments under a magnetic field of 500 Oe. (b)
Magnetic hysteresis loops at 10 K, 200 K, and 298 K.
The temperature dependence of the magnetic moment M of the α-Fe2O3 nanowires is
shown in Fig. 8.7(a), measured under Zero Field Cooled (ZFC) and Field Cooled Cooling
(FCC) conditions with a field of 500 Oe. There is an apparent difference between the ZFC
and the FCC curves. The magnetic moment M decreases steadily with increasing
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temperature in the FCC curve. However, in the ZFC curve, M initially increases with
increasing temperature, followed by a decrease above ~155 K. This is different from a
previous report indicating that α-Fe2O3 showed a decrease in the ZFC and FCC magnetic
moments at the same temperature, corresponding to the Morin temperature, TM [229, 230].
Our polycrystalline α-Fe2O3 nanowires consist of crystallites with a size of 4 – 5 nm. They
agglomerate together and thus form the 1D nanowire shape. Because of small size of the
crystallites, thermal excitations will tend to misalign them at high temperatures, giving the
observed decrease of magnetic moment with temperature in the case of FCC. In the ZFC
case, the magnetic moments are oriented randomly at high temperatures in zero field, and
this arrangement of moments is frozen-in upon cooling. After applying the field at low
temperatures, the net moment is still small because the field is not strong enough to align
the frozen-in magnetic moments of individual nanocrystallites. It is unclear why there is no
anomaly due to the Morin transition, which is observed for larger crystallites. It may be that,
for this surface to volume ratio, surface defects disturb the usual mechanism responsible for
the Morin transition [229, 230].

Magnetic hysteresis loops measured at 10, 200 and 298 K are shown in Fig. 8.7(b). The
values of the coercive field and remanent magnetization for the loops at 200 and 298 K are
negligibly small. This is not a surprise, because the FCC and ZFC curves in Fig. 8.7(a)
overlap at these temperatures, showing that there is no magnetic irreversibility at these
temperatures for H = 500 Oe (i.e. 39.8 kA/m). The hysteresis loop at 10 K reveals a
magnetic saturation moment of 40 Am2/kg, a coercive field of 38 kA/m, and a remanent
moment of 16 Am2/kg. The saturated moment is about 40% lower than the one reported by
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Kim et al. for α-Fe2O3 nanowire arrays at 5 K [231, 232]. The coercive field of our samples
is about 3 times higher, and the remanent moment is about 2.5 times higher than for the
single crystalline nanowire array samples [231, 232]. This could be explained by increased
surface defects in our samples due to smaller crystallite size.
The gas sensing performance of the as-prepared polycrystalline α-Fe2O3 nanowires was
systematically investigated towards a variety of flammable, toxic, and corrosive gases such
as ethanol, acetone, gasoline, heptane, formaldehyde, toluene, acetic acid, and ammonia.
Fig. 8.8(a) and (b) show the sensitivity of α-Fe2O3 nanowires towards ethanol and acetic
acid gas at a working temperature of 150 °C and 30% relative humidity (RH). For
comparison, the gas sensitivities of commercial microcrystalline α-Fe2O3 powders (1 µm)
are also presented in Fig. 8.8. The α-Fe2O3 nanowires displayed a much higher sensitivity
than that of the microcrystalline α-Fe2O3 powders and also exhibited a very impressive
sensing response towards ethanol and acetic acid gases, even at the low concentration of 5
ppm. The corresponding real-time response curves are shown as insets in Fig. 8.8(a) and (b).
The response time and recovery time of α-Fe2O3 nanowire based sensors were only 1-3 s.
After many cycles between the test gas and fresh air, α-Fe2O3 nanowire sensors can still
quickly recover to their initial states, indicating excellent reversibility.
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Figure 8.8 Gas sensitivities of α-Fe2O3 nanowire based sensors as a function of the gas
concentrations of (a) ethanol gas, (b) acetic acid gas. The insets are real-time gas-sensing
curves. For comparison, the gas sensing performances of commercial α-Fe2O3 powders are
also presented.
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The gas sensing curves in Fig. 8.8 clearly indicate a sensing mechanism based on surface
chemisorption of gas molecules and electron donation, resulting in a decrease in the sensor
resistance. Fe2O3 is an n-type semiconductor, with the free carriers originating from oxygen
vacancies. In the ambient environment, Fe2O3 nanocrystals are expected to adsorb both
oxygen and moisture, and the moisture may be adsorbed as hydroxyl groups. The adsorbed
O2- and OH- groups trap electrons from the conduction band of the Fe2O3 nanocrystals,
inducing the formation of a depletion layer on their surface. When exposed to test gases
such as ethanol and acetic acid, gas molecules are chemiadsorbed at the active sites on the
surface of the Fe2O3 nanocrystals. These molecules will be oxidised by the adsorbed
oxygen and lattice oxygen (O2-) of Fe2O3 at the sensor working temperature (150 °C).
During this oxidation process, electrons will be transferred to the surface of the Fe2O3
nanocrystals, which lowers the number of trapped electrons, inducing a decrease in the
resistance. The α-Fe2O3 nanowires consist of tiny nanocrystals (4 -5 nm) joined together
into 1D porous nanostructures, resulting in many more active sites for gas chemisorption.
This should contribute to the high gas sensing performance of α-Fe2O3 nanowire sensors.
The sensitivity of α-Fe2O3 nanowire sensors towards other gases such as formaldehyde,
acetone, gasoline, toluene, ammonia, and heptane, are shown in Fig. 8.9. The assynthesized α-Fe2O3 nanowires always show much higher sensitivity than the commercial
powder. We note that the sensitivities of α-Fe2O3 nanowire sensors towards gasoline,
ammonia, heptane, and toluene gases are relatively low, indicating that the α-Fe2O3
nanowire based sensors have a degree of selectivity to different gases.
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Figure 8.9. Gas sensitivities of α-Fe2O3 nanowires and commercial powders towards
different gases: (a) formaldehyde, (b) acetone,e (c) gasoline, (d) toluene, (e) ammonia,and
(f) heptane.
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8.4

Summary

α-Fe2O3 nanowires can be facilely synthesized by using nitrilotriacetic acid (NTA) as a
chelating agent to form polymeric chains. This synthesis technique can also be used for
synthesis of other transition metal oxide nanowires, such as MnO2 nanowires and NiO
nanowires. The as-prepared α-Fe2O3 nanowires exhibited a blueshift of 0.26 – 0.56 eV in
their band gap, as well as peculiar magnetic properties. When used as sensors, α-Fe2O3
nanowires show high sensitivity towards ethanol and acetic acid gases.
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9. Monodisperse porous hematite nanospheres for gas
sensors
9.1

Introduction

As shown in last 2 chapters (Chapters 7 and 8), hematite (α-Fe2O3) has been intensively
investigated due to its potential applications in diverse fields including gas sensors.
From the viewpoint of gas sensor application, α-Fe2O3 nanostructures with porous walls
or hollow cavities are particularly attractive for improved sensing performance [224,
226]. To prepare α-Fe2O3 porous or hollow nanostructures, hard templates, such as
porous alumina membranes [139], carbon nanotubes [237], and porous silica [191], or
surfactants (sometimes called soft templates) [238] are usually involved. Recently, K. S.
Suslick et al. [239] produced Fe/carbon composite first by ultrasonicating a mixture of
carbon nanoparticles and iron pentacarbonyl in hexadecane, and then obtained hollow
hematite nanoparticles by elaborately controlling the oxidation of the resulting
composite. Xu and co-workers [240] prepared α-Fe2O3 hollow nanospheres by
controlled precipitation of Fe3+ with urea in the presence of carbonaceous saccharide
nanospheres as hard templates. However, template-directed synthesis suffers from the
disadvantages of low yield and high cost. As an alternative route, template-free
solution-based synthetic methods have also been reported as preparation methods for
porous α-Fe2O3 nanostructures [198, 203, 204] such as nanotubes, nanorings, and
porous nanorods. In this case, the presence of some inorganic salts, such as NH4H2PO4,
Na2SO4, Na2SO3, NH4Cl, KCl, etc., is prerequisite, In addition, the sort and amount of
additives, as well as other experimental parameters, must be carefully selected and
controlled. Therefore, it still remains a challenge to develop a facile template-free
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approach to synthesize α-Fe2O3 porous or hollow nanostructures with high gas sensing
performance.
In this chapter, we report the synthesis of monodisperse α-Fe2O3 porous nanospheres
with uniform shape and size, and their gas sensing properties towards a series of gases
including ethanol, acetone, heptane, gasoline, toluene, formaldehyde, acetic acid, and
ammonia. The results show that the as-prepared α-Fe2O3 porous nanospheres can
selectively detect ethanol with rapid response and high sensitivity from other flammable
and explosive gases such as acetone, gasoline, toluene, and heptane. Furthermore, the
as-prepared α-Fe2O3 porous nanospheres exhibit excellent sensing performance towards
formaldehyde at low concentration.
9.2 Experimental
α-Fe2O3 nanorods and branched nanostructures were synthesized as described in Section
3.1.3.3
The crystal structure and phase of the final products were determined by a Philips 1730
X-ray powder diffractometer (XRD) with Cu Kα radiation. The morphology and
microstructures of the hematite sample were characterized by a JEOL JSM-6700F field
emission scanning electron microscope (FESEM), and by a JEOL 2011 transmission
electron microscope (TEM) and high-resolution TEM (HRTEM) coupled with energydispersive X-ray spectroscopy (EDX). Raman spectra were collected on a Renishaw
RM-1000 Raman spectrometer with an excitation wavelength of 632 nm. Gas sensing
measurements were carried out by a computer controlled WS-30A system.
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9.3 Results and discussion
Fig. 9.1 shows the XRD patterns of the hydrothermally synthesized precursor (a) and
the final product (b) prepared by calcination treatment of the precursor. It can be seen
that the precursor is amorphous in nature, and no certain crystallographic phase can be
resolved. Considering its brown-yellow color we speculate that the precursor may be
mainly composed of amorphous iron oxyhydroxide together with a small amount of
amorphous iron oxide. However, calcination treatment of the precursor not only
changed the color of the powder from brown-yellow to red, but also remarkably
improved its crystallinity. All of the diffraction peaks in pattern (b) can be well indexed
to a pure rhombohedral phase of α-Fe2O3 (ICDD-JCPDS card No. 33-0664, a = 5.0356
Å, c = 13.7489 Å). No impurity phases were detected by XRD analysis, indicating that
the precursor was completely transformed to hematite with high phase purity after the
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Figure 9.1 XRD patterns of the precursor (a) and the final product (b) after calcination
treatment of the precursor.
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The Raman spectra of both the precursor and the final product are presented in Fig 9.2(a)
and (b), respectively. On the whole, the spectra for the two samples are almost the same
with the exception of peak intensity. There are five peaks at 224, 291, 409, 493, and 608
cm−1, which can be respectively assigned to the A1g, Eg, E1g, A1g, and Eg Raman modes
for typical hematite phase [241]. This result confirms that both the precursor and the
calcined product are α-Fe2O3. No other iron oxides, such as magnetite or maghemite,
were detected, indicating the high purity of the product. Compared to the reported
values for the α-Fe2O3 dendritic architectures [242], all peaks of our products are
slightly blue shifted. This may be caused by the small size of the component
nanocrystals, which will be discussed below.

Figure 9.2 Raman spectra of the precursor (a) and the calcined product (b).
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The general morphology of the as-prepared α-Fe2O3 product was observed by
FESEM, and typical images at different magnifications are shown in Fig. 9.3. Obviously,
the hematite product is entirely composed of uniformly dispersed nanospheres, as
shown in Fig. 9.3(a). The spherical shape is very homogeneous, and the size of these
nanospheres is about 180 nm with very narrow size distribution. Fig. 9.3(b), at higher
magnification, clearly reveals that the surface of the nanospheres consists of many small
nanoparticles, and thus the surface is rough with a large amount of pores.
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Figure 9.3 FESEM images of the as-prepared α-Fe2O3 product at different
magnifications.
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TEM and HRTEM can give further insight into the microstructures of the product. Lowresolution TEM images (Fig. 9.4(a)) confirm that spherical hematite nanostructures with
uniform shape and a size of about 180 nm were produced, in good agreement with the
FESEM results. Meanwhile, the contrast in most of the spheres suggests that these
nanospheres may have a hollow cavity and a porous surface. The inset of Fig. 9.4(a) is
the electron diffraction (ED) pattern taken from a large area, indicating the crystalline
nature of the α-Fe2O3 product. Fig. 9.4(b) and (c), at higher magnifications, reveal that
these regular porous nanostructures are composed of many tiny nanoparticles with a size
of 15 − 35 nm, which self assemble into spheres, leading to the formation of numerous
pores. The pore size of the nanospheres is less than 30 nm. Fig. 9.4(d) presents an
HRTEM image, which was taken from the framed part of the component nanoparticle in
(c). It displays regular lattice fringes with a spacing of 0.25 nm, corresponding to the
lattice spacing (d-value) of the (110) planes of hematite. Furthermore, the HRTEM
image, along with its corresponding fast Fourier transform (FFT) pattern (the inset)
indicates that the component nanoparticles grew as single crystals of α-Fe2O3.
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Figure 9.4 (a-c) TEM images of the as-prepared α-Fe2O3 product at different
magnifications, the inset of (a) is the electron diffraction (ED) pattern taken from a
large area; (d) HRTEM image of the framed part of a component nanocrystal in (c),
along with its corresponding FFT image (the inset).
The formation mechanism of the porous α-Fe2O3 nanospheres is not clear at present,
and it requires further investigation. However, the porous surface and hollow cavity of
the monodisperse α-Fe2O3 nanospheres can facilitate gas molecule diffusion and the
accompanying surface interaction. Furthermore, the unique stacking mode of
monodisperse nanospheres can provide much more capacious interspaces than any other
shapes. These features make the as-prepared α-Fe2O3 porous nanospheres a promising
candidate for gas sensor applications. So we investigated their gas sensing performance.
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As a comparison, the sensing properties of α-Fe2O3 commercial powder (< 5 µm, SigmaAldrich) were also studied. Gas sensing measurements were carried out at a working

temperature of 150 oC and 30% relative humidity (RH).
Fig. 9.5(a) plots the real-time response characteristics towards ethanol of the sensors
based on the as-synthesized α-Fe2O3 nanospheres and on commercial powder. Here,
eight testing cycles were recorded, corresponding to eight different ethanol
concentrations from 5 to 1000 ppm, respectively. It can be seen that Voutput values
increased abruptly upon the injection of ethanol and then decreased rapidly and
recovered their initial value after the test gas was released. Moreover, the response
magnitude of the α-Fe2O3 nanospheres improved dramatically with increasing
concentration of the ethanol and was always higher than that of the commercial powder,
suggesting that the Fe2O3 nanostructures are more sensitive to ethanol than the
commercial powder. The response time and recovery time of the α-Fe2O3 nanospheres
were both less than 10 s, indicating the rapid response and good reversibility.
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Figure 9.5 Ethanol sensing performance of the sensors based on the synthesized αFe2O3 nanospheres (solid dots) and on the commercial powder (hollow circles). (a)
Response curves on cycling between increasing concentration of ethanol and ambient
air; (b) sensitivity as a function of ethanol concentration
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From Ohm’s law, the electrical resistance of the α-Fe2O3 sensor accordingly decreased
and increased when the test gas (ethanol vapor) was turned on and off, respectively. The
mechanism responsible for the gas sensing is considered to follow the surface
conduction modulation [32, 195, 224]. α-Fe2O3 is an n-type semiconductor, in which the
electrons are the majority carriers [195]. Its conductivity or electric resistance can be
changed by foreign gas molecules through tuning the carrier density. Reducing
molecules such as ethanol will donate electrons to the α-Fe2O3 surface and thus decrease
its resistance; the opposite holds true for oxidizing molecules. In clean air, oxygen
molecules adsorb on the surface of the α-Fe2O3 thin film in the form of O2-, O-, or O2- by
trapping free electrons from the surface, and increase the resistance of the α-Fe2O3
sensor. On exposure to ethanol vapor, ethanol molecules will absorb and react with the
ionic oxygen species, and thus inject electrons into the α-Fe2O3 surface during the
oxidation-reduction process, leading to a decrease in its resistance.
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Fig. 9.5(b) shows the sensitivity of the sensors based on the nanospheres and on the
commercial powder as a function of ethanol vapor concentration. Generally, the sensitivity
of the α-Fe2O3 nanospheres is 5 to 8 times higher than that of the commercial powder. This
result means that the ethanol sensing performance of the porous α-Fe2O3 nanospheres is
much better than that of the commercial powder, and is equivalent to that of polycrystalline
nanotubes [139]. Meanwhile, it is worth noticing that the as-prepared nanospheres exhibit
outstanding sensitivity in low concentrations of ethanol atmosphere. For example, the
sensitivity of the nanosphere-based sensor exceeds 15 in 10 ppm of ethanol and reaches 48
in 50 ppm of ethanol. This result suggests potential applications of these porous α-Fe2O3
nanospheres in biomedicine, the food industry, and breath analyzers.
The improvement in the sensing performance of the present porous α-Fe2O3 nanospheres
may be attributed to its porous spherical structure. The numerous interconnected pores in
the nanospheres can act as channels for diffusion of gas, and thus provide more active sites
and improve the kinetics of both the reaction of ethanol with surface-adsorbed oxygen and
the replacement of the latter from the gas phase. On the other hand, the stacking of the
monodisperse Fe2O3 nanospheres on the ceramic tube surface can further create much more
capacious interspaces than any other shapes, as shown in Fig. 9.6(a), resulting in sufficient
space for the interaction between α-Fe2O3 and ethanol vapor. In contrast, the commercial
powder is composed of solid particles with sizes in the range from 160 to 700 nm
(Fig.9.6(b)), which is much larger than the components of the nanospheres. Moreover, the
commercial powders stacked into a more compact film on the ceramic tube surface, leading
to smaller specific surface area and fewer active sites for the interaction with foreign gas
molecules, as was observed for the SnO2 dense film produced by the chemical vapor
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deposition (CVD) approach [243]. Therefore, the commercial Fe2O3 powder exhibited
much lower sensitivity than the porous nanospheres.

Figure 9.6 FESEM images of the Fe2O3 films on the sensors based on the nanospheres (a)
and the commercial powder (b).
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Based on the successful measurement of the ethanol sensing performance, we further
investigated the sensing properties of the α-Fe2O3 sensor towards other flammable and
explosive gases such as acetone, 92# gasoline, heptane, and toluene. The corresponding
results are shown in Fig. 9.7(a-d),, respectively. It can be seen that the responsivities of the
as-synthesized porous nanospheres were always much better than for the commercial
powder, no matter what kind of gas was tested. From Fig. 9.7(a), one can see that the αFe2O3 nanospheres still exhibit high sensitivity towards acetone, although the sensitivity is
lower than to ethanol. The sensitivity towards gasoline (Fig. 9.7(b)) is much lower, due to
the weak chemical interaction between gasoline and the α-Fe2O3 surface with the absorbed
oxygen species at relatively low working temperature. However, the sensor could barely
detect heptane (Fig. 9.7(c)) and toluene (Fig. 9.7(d)), even when their actual concentration
were very high (for example 1000 ppm). This is because neither heptane nor toluene are
capable of redox behavior under usual conditions. These results demonstrate that the sensor
based on the α-Fe2O3 nanospheres has a degree of selectivity to flammable and explosive
gases.
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Figure 9.7 Sensitivity of the sensors based on the as-prepared α-Fe2O3 nanostructures
(solid dots) and on the commercial powder (hollow circles) as a function of the vapor
concentration of some combustible gases: (a) acetone, (b) 92# gasoline, (c) heptane, (d)
toluene.
Air quality monitoring is another important application of metal oxide semiconducting
sensors. The sensing properties of the prepared α-Fe2O3 nanospheres towards some toxic,
corrosive, and irritating gases such as formaldehyde (HCHO), acetic acid, and ammonia,
and the measurement results are shown in Fig. 9.8. Similar to the detection of combustible
gases, the sensing performance of the as-prepared nanospheres is much better than that of
the commercial powder. It is interesting that α-Fe2O3 nanospheres exhibited excellent
sensing performance towards HCHO (Fig. 9.8(a)). The sensitivity exceeded 9 in the
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presence of 10 ppm of HCHO, and it increased exponentially to 25 in 50 ppm of HCHO in
the atmosphere. This result is much better than that reported for α-Fe2O3 nanorods [198],
indicating the potential application of the porous α-Fe2O3 nanospheres in air quality
monitoring in residential and office buildings.
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Figure 9.8 Sensitivity of the sensors based on as-prepared α-Fe2O3 nanostructures (solid
dots) and commercial powder (hollow circles) as a function of the vapor concentration of
some toxic and corrosive gases: (a) formaldehyde, (b) acetic acid, (c) ammonia.
It is interesting that the α-Fe2O3 nanospheres display high sensitivity to acetic acid (Fig.
9.8(b)), which does not exhibit any distinct redox capability under usual conditions. The
sensitivity increased exponentially with increasing gas concentration in the range of 5 −
200 ppm, and reached 148 in the presence of 1000 ppm of acetic acid vapor. Here, the
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unusual high sensitivity of the sensor to acetic acid may be caused by the strong
chemiadsorption of acetic acid on the surface of the Fe2O3, due to the strong coordination
of carboxyl to Fe3+ and the charge transfer transition from carboxyl to Fe3+ on the sensor
surface. However, the α-Fe2O3 nanospheres did not seem sensitive to ammonia (Fig. 9.9 (c)).
The on and off responses could be repeated without perceptible changes in the signal after
continuous measurement for three weeks or at regular intervals, illustrating the good
reproducibility and long-term stability of the α-Fe2O3 nanosensor.

9.4

Summary

Monodisperse α-Fe2O3 porous nanospheres with high quality have been successfully
prepared via a two-step process, including hydrothermal synthesis of the precursor at low
temperature and a subsequent calcination treatment. During the synthesis process, no hard
template, surfactant, or specific inorganic salts were involved, showing the simplicity of
this method. Furthermore, the as-prepared α-Fe2O3 porous nanospheres exhibited excellent
sensing performance towards ethanol, formaldehyde, and acetic acid at a low working
temperature.
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10. Gas sensing performance and Pt/Au doping effect of
p-type semiconductor cupric oxide (CuO)
nanoribbons
10.1 Introduction
One-dimensional nanostructures for the gas sensor have been extensively investigated
worldwide. However, to date, most efforts in the field of metal-oxide gas sensors have
been devoted to n-type semiconductors, while the sensing properties of the p-type onedimensional metal oxide semiconductors have scarcely been investigated. For the
improvement of comparatively lower sensitivity p-type metal oxide semiconductors, it
is required to apply surface doping with catalytic metals, such as platinum, gold,
palladium, and iridium, which are usually applied to n-type metal oxide semicouductors
to further improve the sensitivity, reduce the response time and operation temperature,
and even change the selectivity pattern [244-246].
As an important p-type semiconductor, cupric oxide (CuO) has been extensively studied
due to its diverse applications, such as in gas sensors, catalysis, batteries, high-criticaltemperature superconductors, solar energy conversion, and field emission emitters [247249]. For these potential applications, CuO micro- or nano-structures with various
morphologies have been synthesized [250-254]. Nevertheless, very little work has been
directed towards fabricating gas sensors based on 1D CuO nanostructures, and there are
no reports on the gas sensing properties of CuO nanoribbons. This chapter presents the
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results: the p-type semiconductor gas sensors based on CuO nanoribbons have rapid
response and high sensitivity to very low concentrations of formaldehyde and ethanol
gas at low operating temperature, and

their sensing performance can be further

enhanced by functionalizing the CuO nanoribbons with small quantities of Pt or Au
nanoparticles.
10.2

Experimental

CuO nanoribbons were synthesized as described in Section 3.1.3.4
The as-prepared samples were characterized by X-ray diffraction (XRD, Cu Kα
radiation, Philips 1730), field emission scanning electron microscopy (FESEM, JEOL
6700F) with the instrument equipped with energy-dispersive X-ray spectroscopy (EDS),
transmission electron microscopy (TEM), and high-resolution TEM (HRTEM, JEOL
2011).
Gas sensing measurements were carried out on a computer cotrolled WS-30A system.
For comparison, the other two types of gas sensors using commercial CuO powders (< 5
μm) and nanoplates, which were synthesized through a procedure similar to that for the
CuO nanoribbons, but replacing sodium dodecylbenzenesulfonate with sodium citrate,
were also fabricated and tested.
10.3

Results and Discussion

The morphology of the as-synthesised CuO products was observed via FE-SEM and is
shown in Fig. 10.1(a). The large yield of CuO nanoribbons is clearly imaged. The
nanoribbons have varied widths and lengths extending for tens of micrometers. The
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chemical composition of the nanoribbons was analyzed by EDS and is shown in Fig.
10.1(b), which reveals that the nanoribbons are only composed of Cu and O, with the
atomic ratio of Cu to O very close to 1:1, in agreement with the stoichiometric
propotion of CuO.

Figure 10.1 (a) FE-SEM image shows the ribbon-like morphology of the CuO product; (b)
EDS pattern reveals that the CuO nanoribbons are composed of Cu and O with a ratio of 1:
1.08. The carbon signal came from the carbon conducting tape to which the CuO
nanoribbons were attached.
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Phase purity of nanoribbons was determined by powder XRD, as shown in Fig. 10.2.
All the diffraction peaks can be readily indexed to the monoclinic symmetry of CuO
(space group C2/c, a = 4.684 Å, b = 3.425 Å, c = 5.129 Å, β = 99.47°; ICDD-JCPDS
file No. 05-0661). The broadening of all the recorded peaks in the XRD pattern
indicates that the component crystallites are of nanoscale character. No other impurities
were detected by XRD analysis, indicating the phase purity of the CuO nanoribbons,
which was consistent with the EDS analysis result.

Figure 10.2 XRD pattern of the as-synthesized CuO nanoribbon.
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Figure 10.3 Bright field TEM images showing microstructural features of CuO
nanoribbons: (a) tangled nanoribbons at low magnification, (b) overlapping thin and thick
nanoribbons, (c) CuO nanoring; (d) HRTEM image and selected area diffraction pattern
(the inset) showing (002) planes parallel to growth direction of nanoribbons; (e) nanoring
loops; (f) HRTEM image of region in (e) indicated by rectangle, with interplanar spacings
consistent with (002) planes

parallel to the

perpendicular to the long axis.
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ribbon long axis and (010) planes

The micromorphology and crystallographic structure of the CuO nanoribbons were
further analyzed by TEM and HRTEM. Fig. 10.3(a) shows a low magnification TEM
image of CuO nanoribbons, revealing the abundant ribbon-like 1D nanostructures. The
width of the nanoribbons is in the range of 30 to 100 nm, and the thickness is on the
order of a few nm. Among the nanoribbons, some are straight with a flat lateral face
along the length direction, while the others are bent and inter-twisted to form a porous
network, implying that the nanoribbons are highly flexible. Straight nanoribbons were
frequently joined and overlapped in parallel on the flat sides, even nanoribbons of
different thickness, as shown in Fig. 10.3(b), indicating strong attractive forces between
the flat sides of parallel nanoribbons. The bending contour of CuO nanoribbons is
clearly illustrated under the electron beam. CuO nanoribbon rings also happened to be
observed (Fig. 10.3(c)). These nanorings were formed by bending of 1 or 2 nanoribbons.
Complex nanoloops were observed (Fig. 10.3(e)), which were formed by several
nanoribbons joined in parallel on the flat sides and then bent into loops or looped
segments. Fig. 10.3(d) and 3(f) further shows HRTEM images of a CuO nanoribbon and
a nanoloop, respectively. Combined with SAED (the inset in Figure 3(d)), they reveal
the same growth direction for the nanoribbons, nanorings, and nanoloops, i.e. along the
[010] direction. Both HRTEM and SAED analysis confirmed the single crystalline
nature of the as-grown CuO nanoribbons, nanorings, and nanoloops.
During the synthesis of CuO 1D nanostructures, sodium dodecylbenzenesulfonate
(SDBS) surfactant played an important role. Without addition of SDBS, or on replacing
SDBS with other surfactants such as polyvinyl alcohol, polyethylene glycol,
polyvinylpyrrolidone, or cetyltrimethylammonium bromide, neither nanoribbons nor
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nanorings were obtained. When the coordination agent sodium citrate was introduced
instead of SDBS, we obtained uniform CuO nanoplates.

Figure 10.4 (a, b) SEM image of the Pt- and Au-loaded samples, respectively, indicating
that the loading of noble metals did not change the morphology of the CuO nanoribbons. (c,
d) EDS patterns of the Pt- and At-loaded samples, respectively, indicating that the content
of Pt and Au is 0.50 atm% and 0.78 atm%, respectively.
Pt and Au were loaded on the CuO nanoribbons by chemically reducing H2PtCl6 or
HAuCl4 with L-ascorbic acid as the reducing agent. Fig. 10.4(a) and (b) show the SEM
image of the Pt- and Au-loaded sample, respectively. It should be noted that the
chemical loading with Pt or Au does not change the morphology or shape of the CuO
180

nanoribbons. The XRD patterns of the Pt- and Au-loaded samples (not shown here) are,
in essence, the same as that of the pristine CuO nanoribbons. No Pt or Au diffraction
peaks have been detected due to their trace contents. However, the catalytic metals Pt
and Au were quantitatively detected by EDS analysis and are shown in Fig. 10.4(c) and
(d), respectively. Their contents were 0.50 atm% and 0.78 atm% for the Pt-loaded
sample (Pt/CuO nanoribbons) and the Au-loaded sample (Au/CuO nanoribbons),
respectively.
Combining the unique characteristics of CuO nanoribbons with the catalytic role of
noble metals, we expected that the as-synthesized CuO nanoribbons (with or without
noble metal additives) would be promising candidates for fabricating high performance
gas sensors to detect some chemical contaminants and dangerous gases. Among the
common environmental pollutants, formaldehyde (HCHO) is a known carcinogen and
chemical component that is toxic to human health. It commonly exists in building
materials, pathology laboratories, industrial chemical processes, and the combustion gas
of organic materials. Thus, effective HCHO gas sensors are of great importance and
much needed for both environmental protection and human health. At the same time,
ethanol sensors with rapid response, and high sensitivity and stability are urgently
demanded in the biomedical, chemical, and food industries, especially in wine quality
monitoring and breath analyzers. For this reason we fabricated p-type semiconductor
gas sensors based on the prepared CuO nanoribbons and investigated their sensing
properties towards HCHO and ethanol gas. The effects of noble metals on the sensing
performance of the p-type semiconductor sensor were also examined. As a comparison,
commercial CuO powder and the as-synthesized nanoplates were also tested.
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Fig. 10.5(a) shows typical isothermal response curves of CuO-based sensors when
cycled with increasing HCHO vapor concentrations from 5 to 500 ppm in ambient air. It
can be seen that the resistance of the commercial powder (black curve) showed almost
no changes over the whole concentration range, indicating that the CuO commercial
powder is insensitive to HCHO. In contrast, the resistance of the as-synthesized
nanoplates increased, even when the concentration of HCHO was very low (5 ppm), and
it continued to increase gradually with increasing vapor concentration. It should be
noted that the trend in the changing resistance of the p-type semiconductor sensor with
the concentration of the reducing gas was completely opposite to that of an n-type
sensor, implying that their sensing mechanism is different. The major charge carriers
are holes and electrons for p-type and n-type semiconductors, respectively. Upon
exposure to a reducing gas, the density of p-type charge carriers (positive holes) would
decrease due to surface adsorption and chemical reaction between the gas and the oxide
sensor (electron donation), resulting in an increase of its resistance, which is opposite to
what is seen with the n-type semiconductor gas sensors [224, 247]. It was striking that
all three nanoribbon-based sensors with or without noble metal additives showed much
better response to HCHO at any given gas concentration than the nanoplates or the
commercial powders. Their resistance underwent a dramatic increase on the injection of
HCHO and then rapidly recovered after the test gas was released.
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Figure 10.5 (a) Typical response curves of the CuO-based sensors during cycling between
increasing concentrations of HCHO and ambient air; (b) sensitivity versus HCHO
concentration. The black, violet, red, green and blue curves denote commercial powder,
nanoplates, pristine nanoribbons, Au/CuO nanoribbons, and Pt/Cuo nanoribbons,
respectively.
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The response time and recovery time (defined as the time required to reach 90% of the
final equilibrium value) were only 2-4 and 3-7 s, respectively. This result indicated that
the nanoribbon-based sensors have good reversibility. Compared to other reported
HCHO sensors [255, 256], the CuO nanoribbons offered the fastest response and
recovery capacities. The detection limit of the CuO nanoribbon-based sensors towards
HCHO can even be below 1 ppm. Furthermore, among the three nanoribbon-based
sensors, the response amplitudes of the Pt/CuO nanoribbons (blue curve) and the
Au/CuO nanoribbons (green curve) are always higher than that of the pristine CuO
nanoribbons (red curve) at any gas concentration, indicating the enhancement effect of
the noble metal nanoparticles due to their catalytic capacity [245, 246]. Fig. 10.5(b)
shows the correlation between the sensitivity of the five CuO based sensors and the
concentration of HCHO. Here the gas sensitivity was defined as the ratio of the
stationary electrical resistance of each element in the test gas (Rgas) and in air (Rair), i.e.,
S = Rgas/Rair. The figure clearly illustrates that the CuO bulk powders have no sensitivity
to HCHO, even at the high concentration of 500 ppm, while the nanoplates showed very
low sensitivity to HCHO. However, all the CuO nanoribbon based sensors displayed
high sensitivity to HCHO in the concentration range from 5 to 500 ppm. Their
sensitivities took on an exponential rate of increase at first (below 100 ppm), which
then changed to a linear increase in the range of 100 - 500 ppm. As a whole, the
sensitivity of CuO-based sensors to HCHO increased in the following order: bulk
powder < nanoplates << pristine nanoribbons < Au/nanoribbons < Pt/nanribbons. The
Pt-doped CuO nanoribbons exhibited the best gas sensing performance.
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Figure 10.6 (a) Typical response curves of the CuO-based sensors on cycling between
increasing concentrations of ethanol and ambient air at 200 oC; (b) sensitivity versus
ethanol concentration. The black, violet, red, gree,n and blue curves denotes commercial
powder, nanoplates, pristine nanoribbons, Au/CuO nanoribbons, and Pt/CuO nanoribbons,
respectively.
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The sensing performance of the CuO-based gas sensors to ethanol in the concentration
range of 5 - 1000 ppm is displayed in Fig. 10.6. Similar to the sensing test results on
HCHO, the resistances of all the sensors increased to different extents on exposure to
ethanol vapor, and then recovered on the release of the test gas. The response and
sensitivity of all the nanoribbon-based sensors were much better than those of the
nanoplates and bulk powder, and their response and recovery times were 3-6 and 4-9 s,
respectively. Compared to a recent report [257] on the sensing properties of CuO
nanorods to ethanol, which showed a sensitivity of about 2 in an atmosphere of 2000
ppm ethanol at a working temperature of 300 oC, the sensitivity of our pristine CuO
nanoribbons was at least double that at much lower concentration (1000 ppm) and
working temperature (200 oC). This result may be attributed to the unique geometry of
the CuO nanoribbons. Nanoribbons are thought to have a higher surface-to-volume ratio,
and low surface-contact resistance, as well as providing a pathway for free carriers,
allowing them to cross the bulk of the ribbons along the axis, much as in a field effect
transistor channel [258]. The surface area of CuO nanoribbons was measured to be
126.4 m2g-1 by using a Quanta Chrome Nova 1000 Gas Sorption Analyzer. High surface
area of CuO of the nanoribbons may be another important factor allowing them to
adsorb a maximum amount of gas molecules. It should be noted that the relatively low
operation temperature helps to decrease the consumption of energy and can improve the
suitability of the sensor in some particular situations. Furthermore, the sensing
performance can be enhanced by functionalization with a small amount of Au or Pt
nanoparticles. For example, the sensitivity of the Au/CuO nanoribbons improved
exponentially in the low concentration range, while the sensitivity of the Pt/CuO
nanoribbons distinctly increased over a wide concentration range.
186

The Pt additive always shows a better effect in terms of the sensing enhancement than
Au. This may be caused by differences in their catalytic activity [224]. At the same time,
the CuO nanoribbon-based sensors always show higher sensitivity to HCHO than to
ethanol. This discrepancy may be due to their different surface reaction mechanisms. It
has been reported that ethanol is oxidized to CO2 on the surface of an oxide sensor
through a series of intermediate steps, including the formation of ethoxy groups and
acetaldehyde. Therefore, it can be deduced that formaldehyde has a more active surface
reaction than ethanol on CuO sensors, and this results in higher sensitivity and a quicker
response time.
10.4

Summary

The synthesis of CuO nanoribbons and their functionalization with nanosize noble
metal particles such as Au and Pt were achieved by a wet chemical method. The as–
prepared CuO nanoribbons contain nanorings and nanoloops. HRTEM and SAED
analysis confirmed that the CuO nanoribbons, nanorings, and nanoloops all grow along
[010] direction. The gas sensing properties towards HCHO and ethanol of the resultant
materials have been investigated, demonstrating that CuO nanoribbons have quicker
responses and higher sensitivity than those of other counterparts to both HCHO and
ethanol at a low operating temperature. Furthermore, functionalizing the CuO
nanoribbons with Pt or Au nanoparticles leads to a remarkable enhancement of their gas
sensing performance.

187

11. Cobalt oxide (Co3O4) hollow nanosphere gas sensor
for organic flammable and toxic gases
11.1

Introduction

Cobalt oxide (Co3O4) is an important p-type semiconductor with a normal spinel structure
[259, 260], and it has many commercial or potential applications in heterogeneous catalysts
[261], anode materials in Li-ion rechargeable batteries [249], solid-state sensors [262],
electrochromic devices [263], solar energy absorbers [264], and pigments [265]. Co3O4 is
used in industry as an oxidation agent for incompletely combusted gases and toxic gases,
due to its high catalytic reactivity. It is expected that Co3O4 could also be a good candidate
gas sensor. Usually, there are two ways to improve sensing performance: as has been
reported, cobalt oxide as an additive gives functional improvement to conventional gas
sensors, because it works very effectively as a receptor [266]. If it is made into a composite
with an n-type semiconductor (such as SnO2), its selectivity can be enhanced [267]. The
other way is to use nanostructured Co3O4 to modify or promote its intrinsic properties.
Although Co3O4 nanostructures with various morphologies have been synthesized [268272], very little work has been directed towards fabricating gas sensors based on these
nanostructures, and there are no reports on the gas sensing properties of Co3O4 hollow
nanospheres.
In this chapter, we report the solvothermal synthesis of p-type Co3O4 hollow spheres and
their gas sensing properties towards the vapors of a variety of typical organic solvents and
fuels, including acetone, ethanol, toluene, butanol, propanol, and gasoline. The p-type
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semiconductor gas sensors based on Co3O4 hollow spheres have rapid response and high
sensitivity to very low concentrations of toluene and acetone gases at low operating
temperatures.
11.2

Experimental

Co3O4 nanospheres were synthesized as described in Section 3.1.3.5
The as-prepared samples were characterized by X-ray diffraction (XRD, Cu Kα radiation,
Philips 1730), transmission electron microscopy (TEM), and high-resolution TEM
(HRTEM, JEOL 2011). The band-gap of Co3O4 was determined by ultraviolet-visible (UVvis) spectroscopy (Shimadzu 1700). Raman spectroscopy (HR 800) was performed at room
temperature with an excitation wavelength of 632 nm. Gas sensing measurements were
carried out on a computer-controlled WS-30A system at a low working temperature of
100 °C with 40−50% relative humidity.
3. Results and discussion
The phase purity of the as-synthesized Co3O4 products was determined by powder XRD.
As shown in Fig. 11.1, all the diffraction peaks of the annealed sample can be readily
indexed to face-centered cubic Co3O4 (JCPDS card no. 76-1802), and the sample before
annealing shows several impurity peaks, suggesting that the annealing is necessary to
obtain pure phase Co3O4. In addition, the annealing also improves the crystallinity of the
products, as revealed by the increased peak intensity after annealing.
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Figure 11.1 X-ray diffraction patterns of Co3O4 nanospheres before (lower) and after
(upper) annealing.
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Figure 11.2

(a) TEM image of Co3O4 hollow nanospheres at low magnification, with the

inset showing an HRTEM image with details of individual nanocrystals (circled) in the
nanosphere walls. (b) HRTEM image of a nanosphere. The inset corresponds to the
selected area diffraction pattern.
The morphology and microstructure of the Co3O4 hollow nanospheres were investigated by
TEM and HRTEM. Fig. 11.2(a) shows a low magnification TEM image of the Co3O4
product. It can be seen that the product has a sphere-like morphology with a diameter of
200-300 nm. An obvious difference in contrast between the center and the edge of these
spheres reveals their hollow structures. The walls of the hollow spheres have a uniform
thickness of ~40 nm. The HRTEM image shown in Fig. the 11.2(a) inset reveals that the
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walls of the hollow spheres are constructed by the aggregation of Co3O4 nanocrystals with a
size of ~5 nm. Selected area electron diffraction patterns (SAED, the inset in Fig. 11.2(b))
taken from individual Co3O4 hollow nanospheres show regular diffraction spots, suggesting
that the nanocrystals in the hollow nanospheres have a perfectly oriented aggregation,
which is further confirmed by the HRTEM analysis. As shown in Fig. 11.2(b), the parallel
lattice fringes among almost all the primary nanocrystals and grain boundaries clearly
reveal the oriented aggregation and good crystallinity.
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Figure 11.3 Raman spectrum of as-synthesized Co3O4 hollow spheres.
Because Raman scattering is very sensitive to the microstructure of nanocrystalline
materials, it is also used here to clarify the structure of the Co3O4 hollow spheres. As shown
in Fig. 11.3, the Raman spectrum of the Co3O4 hollow nanospheres shows five obvious
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Raman peaks located at around 194, 475, 518, 617, and 682 cm-1, corresponding to all of
the five Raman-active modes (A1g, Eg and 3F2g) of Co3O4. The Raman shifts are consistent
with those of pure crystalline Co3O4 [270, 273], indicating that the Co3O4 hollow
nanospheres have a similar crystal structure to bulk Co3O4.
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Figure 11.4 (a) UV-vis spectrum (a), and (αhν)2 vs. hν curve (b) of as-prepared Co3O4
hollow nanospheres.
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The optical absorption properties of the as-prepared Co3O4 hollow nanospheres were
investigated at room temperature by UV-vis spectroscopy (Fig. 11.4). There are three
obvious absorption peaks at 281 nm, 531 nm, and 802 nm, respectively. Co3O4 is a p-type
semiconductor and its optical band gap, Eg, can be obtained from Equation (3.3) (see
Section 3.2.6.1) The (αhν)2 versus hν curve for the product is shown in Fig. 11.4(b). The
value of hν extrapolated to α = 0 gives the absorption band gap energy. Three regions with
a linear relationship are observed in the ranges of 3.8-6.1, 1.9-2.5, and 1.1-1.5 eV,
respectively, giving three Eg values of 2.23, 1.25, and 1.00 eV. As has been investigated in
the literature [274-276], a band gap of 2.23 eV can be associated with the O−II→ CoII
charge transfer process (valence to conduction band excitation), while the 1.25 eV band gap
relates to the O−II→ CoIII charge transfer (with the CoIII level located below the conduction
band) [274]. However, the origin of the 1.00 eV band gap is unclear. The multiple band gap
energies for the Co3O4 particles may also suggest the possibility of degeneracy of the
valence band [277]. In addition, it can be found that the best fit of equation (3.3) to the
absorption spectrum of the product gives n = 2, which suggests that the as-obtained Co3O4
hollow nanospheres are semiconducting with direct transitions at these energies.
The BET surface area of Co3O4 nanoribbons was measured to be 120 m2g-1 by using a
Quanta Chrome Nova 1000 Gas Sorption Analyzer. While, the specific surface area of
commercial Co3O4 powders is only 10.5 m2g-1. Considering the high surface-to-volume
ratio of hollow nanospheres, we expected that the as-synthesized Co3O4 hollow
nanospheres would be promising candidates for fabricating high performance gas sensors to
detect some ordinary organic solvents and fuels. We chose several organic chemicals,
including acetone, ethanol, toluene, butanol, propanol, and gasoline for the sensing tests.
194

These chemicals are arousing more and more attention because of the possibility of their
use as automotive fuels or gasoline components. Now petrol prices are increasing through
the roof, and the expectation that alternative fuels to gasoline will be adopted is high.
Recently, new research efforts have been devoted to developing technology for the
production of biofuels such as butanol fuels, which can be used in a gasoline combustion
engine without any modification [278]. For this reason, we fabricated p-type semiconductor
gas sensors based on the prepared Co3O4 hollow spheres and investigated their sensing
properties towards these flammable gases.
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Figure 11.5 Real-time sensing characteristics towards acetone of sensors that are based on
Co3O4 hollow spheres and on commercial Co3O4 powders.
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The gas sensor was fabricated by depositing the as-synthesized Co3O4 hollow spheres as a
thin film on a ceramic tube with previously printed Au electrodes and Pt conducting wires.
Referring to the schematic diagram of the sensor system in Section 2.5.2, in the test process,
a working voltage (Vworking) was applied. By monitoring the voltage (Voutput) across the
reference resistor, the response of the sensor in air or in a test gas could be measured. The
real-time responses towards acetone of the sensors based on the Co3O4 hollow spheres and
on commercial Co3O4 powder are displayed in Fig. 11.5. It can be seen that the electric
resistance of the sensor (Rsensor) increased abruptly on the injection of acetone, and then
decreased rapidly and recovered to its initial value after the test gas was released. The
response magnitude of the sensor based on the as-synthesized Co3O4 hollow nanospheres
improved dramatically with increasing concentration of the test gas and was much higher
than that of the commercial powder. This means that the Co3O4 hollow spheres are more
sensitive to acetone than the commercial powder. After many cycles between the test gas
and fresh air, the resistance of the sensor could still recover its initial state, which indicates
that the sensor has good reversibility. The response time and recovery time (defined as the
time required to reach 90% of the final equilibrium value) of the sensor were only 1–3 and
4–8 s, respectively. The response characteristic curves of the sensors towards other gases
are similar to that for acetone and are not shown here. Upon exposure to a reducing gas, the
density of p-type charge carriers (positive holes) would decrease due to surface adsorption
and chemical reaction between the gas and the oxide sensor (electron donation), resulting in
an increase of its resistance, which is opposite to what is seen with the n-type
semiconductor gas sensors [224, 247].
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Figure 11.6 Sensing responses versus vapor concentration of (a) acetone, toluene, and
ethanol, and (b) gasoline, propanol, and butanol.
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The gas sensitivity is defined as the ratio of the stationary electrical resistance of the sensor
in the test gas (Rgas) and in air (Rair), S = Rgas/Rair (Equation 2.9). The sensitivity as a
function of vapor concentration from 10 to 1000 ppm is shown in Fig. 11.6. It can be seen
that the sensitivities took on an exponential rate of increase at first (below 200 ppm), which
then changed to a linear increase in the range of 200–1000 ppm. As a whole, the sensitivity
decreased in the sequence of toluene, acetone, ethanol, gasoline, propanol, and butanol. The
Co3O4 hollow spheres exhibited high sensitivity to toluene vapor (Fig. 11.6(a)), and the S
value was 3 at the very low concentration of 10 ppm, but reached 8 at 1000 ppm. The
sensitivity to acetone and ethanol is respectively 7.5 and 6.3 at the concentration of 1000
ppm. As shown in Fig. 11.6(b), Co3O4 nanosphere responses toward gasoline and the
alternative fuel gases propanol and butanol are 5.2, 4.4, and 3.8, respectively. These results
indicate that the Co3O4 hollow nanosphere based sensor has a degree of selectivity to
flammable gases. It was found that the on and off responses could be repeated after
continuous measurement for a week without observing any changes in the signal,
illustrating the good reversibility and stability of the Co3O4 nanostructure based sensor. It
should be noted that the relatively low operation temperature helps to decrease the
consumption of energy and can improve the suitability of the sensor in some particular
situations. It is well known that Co3O4, as a p-type semiconductor, is a good candidate for
detecting the reducing gases CO and H2 [279, 280], but is less sensitive to hydrocarbons.
Nevertheless, the measurements illustrate that control of the morphology and a high
surface-to-volume ratio had endowed Co3O4 with better reactivity at the relatively low
temperature of 100 °C.
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11.4 Summary
Co3O4 hollow nanospheres with a diameter of 200-300 nm have been synthesized by a
surfactant-assisted solvothermal method. The products were characterized by XRD, TEM,
HRTEM, Raman spectroscopy, and UV-vis spectroscopy. The as-prepared Co3O4 hollow
nanospheres show good sensing performance in detecting toluene, acetone, etc. These
results highlight the potential applications of the Co3O4 hollow nanospheres in monitoring
organic flammable and toxic gases.
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12.

Conclusion

In this thesis, an investigation of five metal oxides in nanostructured gas sensors was
carried out. The morphologies that have been used are template filling, carbothermal CVD,
and hydrothermal treatment. Such well known morphologies as nanotubes, nanorods,
nanowires, nanosheets, nanoribbons, and nanospheres, as well as porous structures, were
produced. It might not be possible to realize such a variation in morphology in any choice
of material. Thus, different synthetic methods were applied to the appropriate metal oxide.
Exceptionally, α-Fe2O3 (hematite) was formed into three nanostructures. SEM and TEM
worked as powerful tools for morphology and microstructure analysis of the resultant
products. Chemiresistive gas sensors that were tested using the static environmental method
exhibited excellent sensitivities towards some target gases at a comparatively low operating
temperature. Concluding comments on the individual nanostructures and any scope for
further work are presented below:
1. (Chapter 4) SnO2 nanotubes were synthesized by the template filling method. In terms of
the structure, the nanotube is likely to be a good nanostructure that can enhance the sensing
properties of SnO2, as shown in the data indicating the superiority of nanotubes to
nanoparticles. However, as templates should be removed after the nanotubes are formed,
the residue of Al+ ions may become problematic to a fundamental study of nanotubes.
2. (Chapters 5 and 6) Nanostructured In2O3 and Ga2O3 were synthesized via carbothermal
CVD, according to the VLS theory. It was obvious that the carbon assisted CVD, which is
conducted at lower temperatures by a slow process, did not affect the crystallinity of the
single crystalline nanostructures characterized in the structural and optical analyses. For
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In2O3 nanowires grown along the [010] direction, it is advantageous to identify the
crystallographic effects from exposed XZ planes. However, the XZ planes are flat planes
that have the fewest active sites, and thicknesses (diameters) were near 100 nm, so it was
required for the investigation into the effects of the active surface that D >> 2L (refer to
section 2.3.1.5). Ga2O3 was synthesized in nanowires, nanoribbons, and nanosheets at
different temperature zones. The gas sensing property measurement was not conducted on
this material because there were no responses towards detection of target gases using a
laboratory facility. Ga2O3 has a wide band gap that requires an operating temperature of
1000 oC for gas sensing, which might not be overcome at the size that was realized by
carbothermal CVD. For the study of crystallographic effects, it is necessary to scale down
the lateral thickness to less than 2 L.
3. (Chapters 7, 8, and 9) α-Fe2O3 was investigated for gas sensors in three different
architectures: (1) porous nanorods and branched nanostructure, (2) porous nanowires, and
(3) porous nanospheres. It was possible to synthesize these nanostructures via the
hydrothermal growth route by changing experimental parameters such as source materials,
temperature, reaction time, etc. As-synthesized nanostructures were tested for gas sensor
use on several gases. The results indicate that the measured sensitivities surpass those of the
commercial powders. However, if the sensitivities obtained at 1000 ppm of any chosen gas
are compared with one another, their maximum values are similar, so that the changes in
morphology may not have had much influence on the gas sensing properties. However, if
one looks at the range down to 200 ppm, it can be noticed that the sensitivities are not the
same at the same gas concentration. This varies the angle of slope among the architectures
in the low gas concentration region of the graphs. This fact elucidates the viewpoint of this
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part of the investigation, that a gas sensor that is engineered in consideration of the
geometric aspect by various synthetic techniques may have potential for improvement of
gas sensing properties such as sensitivity and selectivity.
4. (Chapter 10) CuO nanoribbons were investigated as p-type semiconducting gas
sensors. As usual, bulk powder or nanoplate forms demonstrated little response to
HCHO or ethanol, but CuO nanoribbons of 2 – 8 nm thickness showed remarkably high
sensitivities compared to their counterparts. Moreover, the functionalizing by loading
with Au or Pt proved its effectiveness in enhancment of the gas sensing performance.
Through this kind of study, more exploration for p-type semiconducting materials is
needed to find unknown but useful sensing properties.
5. (Chapter 11) Co3O4 hollow nanospheres with a diameter of 200-300 nm were
synthesized by a surfactant-assisted solvothermal method and tested as p-type
semiconducting gas sensors. The results showed that Co3O4 can achieve good sensing
performance in detecting toluene, acetone, etc. if the morphology changes into hollow
nanospheres. This highlights Co3O4 hollow nanospheres as a good candidate for monitoring
organic flammable and toxic gases.
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List of Symbols and Abbreviations
Symbols

α

absorption coefficient,

β

line broadening at FWHM

ε

dielectric constant

λ

X-ray wavelength

hν

incident photons energy

τ

mean crystallite dimension

B

constant relative to the material, and

CA

concentration of target gas

D

diameter

Dc

critical diameter

DK

Knudsen diffusion coefficient

Εg

electronic bandgap

K

shape factor

K

Boltzmann constant

LD

Debye length

Ls

depletion layer thickness

Nd

concentration of the donor impurity

Ns

concentration of the surface charge states

R

resistance

Rair

resistance in air

Rgas

resistance in exposure to an analyte gas

Rreference

load resistor

Rsensor,

sensor resistance

S

Sensitivity

S(%)

percentage value of sensitivity

T

temperature
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Voutput

output voltage

Vheating

heating voltage

Vworking

voltage source

Vs ,

Schottky barrier (potential)

q

surface state charge

k

rate constant.

t

time

x

distance (depth)
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Abbreviations

AAO

anodic aluminium oxide

AF

antiferromagnetic

BCF

Burton, Cabrera, and Frank

BET

Brunauer-Emmett-Teller

CIM

chemical sensitive material

CTAB

cetyltriethylammonium bromide

CVD

chemical vapor deposition

DTA

differential thermal analysis

ED

electron diffraction

EDS/EDX

energy dispersive X-ray spectroscopy

FC

and field-cooled

FeNTA

iron nitrilotriacetic acid

FE-SEM

field emission scanning electron microscope

FFT

fast Fourier transform

FWHM

full width half maximum intensity

HRTEM

high resolution TEM

JCPDS-ICDD

Joint Committee on Powder Diffraction Standards
of the International Centre for Diffraction Data

KSV

Kossel, Stranski, and Volmer

LEL

low explosion limit

LP

liquid petroleum

MFC

mass flow controller

MOSFET

metal oxide semiconductor field effect transistor

MPMS

Magnetic Properties Measurement System

NTA

nitrilotriacetic acid

PBS

Periodic Bond Chain

PL

photoluminescence spectroscopy

ppb

part per billion
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ppm

part per million

PVA

polyvinyl acetate

PVD

physical vapor deposition

PVP

poly vinyl pyrrolidone

RH

relative humidity

SAED

Selected area electron diffraction

SAW

surface acoustic waves

SCCM

standard cubic centimeters per minute

SEM

scanning electron microscope

Si

Silicon

SPR

Surface Plasmon Resonance

STP

standard temperature and pressure

TEM

transmission electron microscope

TFTs

thin-film transistors

TGA

Thermogravimetric analysis

UV-vis

ultraviolet-visible

VS

Vapor-Solid

VLS

Vapor-Liquid-Solid

XRD

X-ray diffraction

ZFC

zero-field-cooled

0D

zero-dimensional

1D

one-dimensional

2D

two dimensional,
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List of Figures
Figure 2.1 Schematic diagrams of receptor and transducer functions of the
semiconducting gas sensor. D: particle size, X: neck size, L: thickness of space
charge layer.
Figure 2.2 Schematic diagrams showing the reception function of an SnO2 grain
without/with a foreign receptor, PdO.
Figure 2.3 Schematic diagrams of charge carrier concentration change of n-type
semiconductor, SnO2. On the left: depletion layer formed in the surface in air,
with the energy band bent up (high potential barrier); on the right: the
reaction of O2 with a reducing gas reduces the potential barrier.
Figure 2.4 Grain size effect on resistance and sensor response of SnO2 to H2.
Figure 2.5 Schematic diagrams of the porous sensing layers and the energy band with
different grain size: (a) large grains, (b) small grains.
Figure 2.6 Schematic diagrams of the conduction channel of porous structure and the
energy band in the grain boundary: (a) constricted conduction channel, (b)
vanished conduction channel.
Figure 2.7 Simulated gas concentration profiles inside a sensing film (thickness 300 nm)
for various values of k / DK at fixed temperature.
Figure 2.8 Images from computational results on SnO2 thin film deposited by spray
pyrolysis on different grain sizes: (a) 40−80 nm, (b) ~300 nm.
Figure 2.9 Commercial gas sensors manufactured by Figaro Inc: (top) TGS-109, direct
heating type and (bottom) Figaro TGS-813, indirect heating type.
Figure 2.10 Schematic diagram of the equivalent circuit of indirect heating structure gas
sensor measurement system for chemiresistive gas sensors.
Figure 2.11 Schematic diagrams of gas sensing systems: (a) flow-through method, (b) static
environmental method.
Figure 2.12 Schematic illustration of the PBC theory on a cubic crystal.
Figure 2.13 Schematic diagram showing the Vapor-Liquid-Solid growth process.
Figure 3.1 Photograph (top) and the schematic diagram of the configuration (bottom) of
the 3 zone furnace for carbothermal chemical vapor deposition.
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Figure 3.2 Photograph of autoclave vessel (left) and inner Teflon container (right).
Figure 3.3 Schematic diagram of hydrothermal procedure.
Figure 3.4 Schematic diagram of Bragg diffraction: n is an integer determined by the
order given, λ is the wavelength of X-rays and, in other cases, moving
electrons, protons, and neutrons, d is the spacing between the planes in the
atomic lattice, and θ is the angle between the incident ray and the scattering
planes.
Figure 3.5 Energy level diagram showing the states involved in the Raman effect.
Figure 3.6 Schematic diagram of the operation of UV-vis spectroscopy.
Figure 3.7 Diagram of the process for fabrication and testing of gas sensors.
Figure 3.8 WS-30A commercial gas sensor measurement system: a) side view of the
machine. The inset photograph shows the injection hole. b) Deck from top view.
All part names are denoted in the photograph.
Figure 3.9 Gas sensor board with 30 sockets for sensing elements.
Figure 3.10 (a) Alumina substrate for gas sensing element and (b) heating coil. Gas sensor
inserted in a socket on sensing board after fabrication.
Figure 4.1 X-ray diffraction patterns of SnO2 nanotubes and nanopowders.
Figure 4.2 a FESEM image of SnO2 nanotubes. The inset is a top view of a SnO2 nanotube
bundle.
Figure 4.3 (a) TEM image of a single SnO2 nanotube, inset: selected area electron
diffraction pattern. (b) HRTEM image of a portion of a SnO2 nanotube.
Figure 4.4 (a) Real-time sensing response to ethanol gas in air. Inset: equivalent
electrical circuit for SnO2 nanopowder sensor and SnO2 nanotube sensor. (b)
Sensing response vs. ethanol vapor concentration.
Figure 4.5 Real-time sensing response to ammonia gas in air.
Figure 5.1 (a) X-ray diffraction patterns of In2O3 crystalline powders and as-prepared
nanowires. (b) FE-SEM image showing straight In2O3 nanowires. (c) FE-SEM
image showing the quadrilateral cross-section of an In2O3 nanowire. (d) FESEM image showing the hexagonal cross-section of an In2O3 nanowire.
Figure 5.2 (a) TEM image of a straight In2O3 nanowire. (b) TEM image of a ribbon-like
In2O3 nanowire with a bending contour. (c) TEM image of a branched In2O3
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nanowire with an Au nanoparticle at one end. (d) HRTEM image of the
interface of Au – In2O3.
Figure 5.3 (a) TEM image of a single In2O3 nanowire with a diameter of 40 nm. The inset
is the SAED pattern recorded along [001] zone axis. (b) HRTEM image of
In2O3 nanowire lattice.
Figure 5.4 Photoluminescence spectra of (a) In2O3 crystalline powders, (b) as-prepared
In2O3 nanowires. The PL spectra were recorded at 10 K with the excitation at
325 nm.
Figure 5.5 Gas sensing and recovery of In2O3 nanowires to (a) ethanol gas and (b)
ammonia gas.
Figure 6.1 FESEM images of (a) β -Ga2O3 nanowires, (b) β-Ga2O3 nanosheets.
Figure 6.2 X-ray diffraction spectra of β -Ga2O3 crystalline powders, nanosheets, and
nanowires.
Figure 6.3 (a) TEM image of a β -Ga2O3 nanowire with microtwins, (b) SAED pattern of
the nanowire twin structure.
Figure 6.4 TEM image of a zigzag β -Ga2O3 nanowire (nanosaw) structure. The inset is a
magnified view of the sawtooth structure.
Figure 6.5 (a) TEM image of β -Ga2O3 nanoribbons under low magnification. (b) HRTEM
image of nanoribbon 1 marked in (a). (c) Electron diffraction pattern of
nanoribbon 1. (d) HRTEM image and electron diffraction pattern of
nanoribbon 2 marked in (a).
Figure 6.6 (a) Low magnification TEM view of the mixture of β-Ga2O3 nanoribbons from
the second batch. (b) TEM image of a β -Ga2O3 nanoribbon with the growth
direction along the [ 1 1 0 ]* direction. (c) Electron diffraction pattern of
nanoribbon shown in (b). (d) HRTEM image of β -Ga2O3 nanoribbon in (b).
Figure 6.7 HRTEM image of a β -Ga2O3 nanosheet. The inset is the corresponding
electron diffraction pattern recorded along the [111] zone axis.
Figure 6.8 Uv-vis spectra from suspensions of β -Ga2O3 nanoribbons and nanowires;
arrows mark the steepest absorption edge, at which the band gaps were
determined.
Figure 6.9 Raman spectra of β -Ga2O3 nanowires and crystalline powders.
Figure 7.1 XRD patterns of the as-prepared β-FeOOH precursor (a) and α-Fe2O3
nanostructures (b).
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Figure 7.2 Morphology of the as-synthesized α-Fe2O3 nanostructures: (a) TEM image
giving an overall view; the inset is the ED pattern taken from the whole area,
and the frames indicate typical multipod-like structures; (b) aligned porous
nanorod bundles; (c) single flutelike porous nanorod; the inset is the
corresponding SAED pattern; (d) hexapod nanostructures; (e) pentapod
nanostructure.
Figure 7.3 Microstructure of the hexapod nanostructure: (a) TEM image of a tilted αFe2O3 hexapod nanostructure; (b) tip of the arm circled in (a), with the inset
showing the corresponding SAED pattern; (c) HRTEM image of (b); (d)
HRTEM image of the lower circled area in (a), showing the point where two
arms join with a dihedral angle of 69.5 oC.
Figure 7.4 Magnetic behavior of the as-prepared α-Fe2O3 nanostructures: (a)
temperature dependences of ZFC and FCC magnetization for an applied field
of 500 Oe. The inset shows the corresponding differential ZFC and FCC
curves. (b) Magnetic hysteresis loops at 273, 210, and 10 K. The inset shows
an enlargement of the lower magnetic field region.
Figure 7.5 Real-time ethanol sensing characteristics of sensors based on the prepared αFe2O3 nanostructures and on commercial Fe2O3 powder.
Figure 7.6 Sensitivity of the sensors based on the as-prepared α-Fe2O3 nanostructures
(solid dots) and on the commercial powder (hollow circles) as a function of the
vapor concentration of some flammable gases: (a) ethanol, (b) acetone, (c) 92#
gasoline, (d) heptane.
Figure 7.7 Sensitivity of the sensors based on as-prepared α-Fe2O3 nanostructures (solid
dots) and commercial powder (hollow circles) as a function of the vapor
concentration of some toxic and corrosive gases: (a) formaldehyde, (b) toluene,
(c) acetic acid, (d) ammonia.
Figure 8.1 (a) SEM image of FeNTA precursor nanowires, exhibiting the formation of
100% nanowire 1D nanostructures. (b) Magnified view of the precursor
nanowires, showing their smooth surface. (c) TEM image of FeNTA precursor
nanowires. (d) HRTEM image of a single FeNTA precursor nanowire, showing
its amorphous nature.
Figure 8.2 (a) X-ray diffraction pattern of α-Fe2O3 nanowires (b)Raman spectrum of αFe2O3 nanowires.
Figure 8.3 (a) Low magnification TEM image of α-Fe2O3 nanowires. (b) High
magnification TEM image of a single α-Fe2O3 nanowire, illustrating its porous
nature. (c) HRTEM image of an α-Fe2O3 nanowire. The inset contains the
corresponding selected area electron diffraction pattern. (d) Atomic resolution
lattice image of the Fe2O3 crystal marked with the circle in (c).
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Figure 8.4 Infrared (IR) spectra: (a) NTA and (b) FeNTA precursor nanowires.
Figure 8.5 TGA and DTA curves of FeNTA precursor nanowires.
Figure 8.6 UV-Vis spectrum of α-Fe2O3 nanowires. The inset shows the (αhν)2 versus hν
curve for determining the band gap.
Figure 8.7 Magnetic properties of the as-prepared α-Fe2O3 nanowires: (a) Temperature
dependences of the ZFC and FCC magnetic moments under a magnetic field of
500 Oe. (b) Magnetic hysteresis loops at 10 K, 200 K, and 298 K.
Figure 8.8 Gas sensitivities of α-Fe2O3 nanowire based sensors as a function of the gas
concentrations of (a) ethanol gas, (b) acetic acid gas. The insets are real-time
gas-sensing curves. For comparison, the gas sensing performances of
commercial α-Fe2O3 powders are also presented.
Figure 8.9 Gas sensitivities of α-Fe2O3 nanowires and commercial powders towards
different gases: (a) formaldehyde, (b) acetone,e (c) gasoline, (d) toluene, (e)
ammonia,and (f) heptane.
Figure 9.1 XRD patterns of the precursor (a) and the final product (b) after calcination
treatment of the precursor.
Figure 9.2 Raman spectra of the precursor (a) and the calcined product (b).
Figure 9.3 FESEM images of the as-prepared α-Fe2O3 product at different magnifications.
Figure 9.4 (a-c) TEM images of the as-prepared α-Fe2O3 product at different
magnifications, the inset of (a) is the electron diffraction (ED) pattern taken
from a large area; (d) HRTEM image of the framed part of a component
nanocrystal in (c), along with its corresponding FFT image (the inset).
Figure 9.5 Ethanol sensing performance of the sensors based on the synthesized α-Fe2O3
nanospheres (solid dots) and on the commercial powder (hollow circles). (a)
Response curves on cycling between increasing concentration of ethanol and
ambient air; (b) sensitivity as a function of ethanol concentration.
Figure 9.6 FESEM images of the Fe2O3 films on the sensors based on the nanospheres (a)
and the commercial powder (b).
Figure 9.7 Sensitivity of the sensors based on the as-prepared α-Fe2O3 nanostructures
(solid dots) and on the commercial powder (hollow circles) as a function of the
vapor concentration of some combustible gases: (a) acetone, (b) 92# gasoline,
(c) heptane, (d) toluene.
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Figure 9.8 Sensitivity of the sensors based on as-prepared α-Fe2O3 nanostructures (solid
dots) and commercial powder (hollow circles) as a function of the vapor
concentration of some toxic and corrosive gases: (a) formaldehyde, (b) acetic
acid, (c) ammonia.
Figure 10.1 (a) FE-SEM image shows the ribbon-like morphology of the CuO product; (b)
EDS pattern reveals that the CuO nanoribbons are composed of Cu and O
with a ratio of 1:
Figure 10.2 XRD pattern of the as-synthesized CuO nanoribbon.
Figure 10.3 Bright field TEM images showing microstructural features of CuO
nanoribbons: (a) tangled nanoribbons at low magnification, (b) overlapping
thin and thick nanoribbons, (c) CuO nanoring; (d) HRTEM image and selected
area diffraction pattern (the inset) showing (002) planes parallel to growth
direction of nanoribbons; (e) nanoring loops; (f) HRTEM image of region in
(e) indicated by rectangle, with interplanar spacings consistent with (002)
planes parallel to the ribbon long axis and (010) planes perpendicular to the
long axis.
Figure 10.4 (a, b) SEM image of the Pt- and Au-loaded samples, respectively, indicating
that the loading of noble metals did not change the morphology of the CuO
nanoribbons. (c, d) EDS patterns of the Pt- and At-loaded samples,
respectively, indicating that the content of Pt and Au is 0.50 atm% and 0.78
atm%, respectively.
Figure 10.5 (a) Typical response curves of the CuO-based sensors during cycling between
increasing concentrations of HCHO and ambient air; (b) sensitivity versus
HCHO concentration. The black, violet, red, green and blue curves denote
commercial powder, nanoplates, pristine nanoribbons, Au/CuO nanoribbons,
and Pt/Cuo nanoribbons, respectively.
Figure 10.6 (a) Typical response curves of the CuO-based sensors on cycling between
increasing concentrations of ethanol and ambient air at 200 oC; (b) sensitivity
versus ethanol concentration. The black, violet, red, gree,n and blue curves
denotes commercial powder, nanoplates, pristine nanoribbons, Au/CuO
nanoribbons, and Pt/CuO nanoribbons, respectively.
Figure 11.1 X-ray diffraction patterns of Co3O4 nanospheres before (lower) and after
(upper) annealing.
Figure 11.2 (a) TEM image of Co3O4 hollow nanospheres at low magnification, with the
inset showing an HRTEM image with details of individual nanocrystals
(circled) in the nanosphere walls. (b) HRTEM image of a nanosphere. The
inset corresponds to the selected area diffraction pattern.
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Figure 11.3 Raman spectrum of as-synthesized Co3O4 hollow spheres.
Figure 11.4 (a) UV-vis spectrum (a), and (αhν)2 vs. hν curve (b) of as-prepared Co3O4
hollow nanospheres.
Figure 11.5 Real-time sensing characteristics towards acetone of sensors that are based on
Co3O4 hollow spheres and on commercial Co3O4 powders.
Figure 11.6 Sensing responses versus vapor concentration of (a) acetone, toluene, and
ethanol, and (b) gasoline, propanol, and butanol.
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